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Unlikely Planet 


Most known extrasolar planets orbit stars similar 
to the Sun. Very few planets have been detected 
around metal-poor stars whose abundances of 
elements other than hydrogen and helium are 
much lower than those of the Sun, or around 
stars that are at a late stage in their evolution. 
Setiawan et al. (p. 1642, published online 

18 November) report the detection of a close-in 
giant planet around a metal-poor star belong- 
ing to a group of stars that formed in a satellite 
galaxy of the Milky Way. The star has gone past 
the red giant phase of stellar evolution, when 
stars like the Sun expand up to many times their 
original size, and so it is unclear why the planet 
was not engulfed by the star as it expanded. 


Spin Control 


Controlling and manipulating the spin of an 
electron is a central requirement for applications 
in spintronics. Some of the challenges research- 
ers are facing include efficient creation of spin 
currents, minimization of Joule heating, and 
extending the lifetime of electronic spins, which 
is especially important for quantum information 
applications. Costache and Valenzuela 

(p. 1645) address the first challenge by designing 
and fabricating an efficient and simple supercon- 
ducting-based single-electron transistor that can 
produce spin current with controlled flow. Key to 
the design is asymmetric tunneling, which leads 
to a ratchet effect (or diode-like behavior), allow- 
ing the separation of up and down spins. Jonietz 
et al. (p. 1648) use electric currents five orders 
of magnitude smaller than those used previously 
in nanostructures to manipulate magnetization 
in a bulk material, MnSi, pointing the way toward 
decreased Joule heating in spintronic devices. 
This so-called spin-torque effect causes the rota- 
tion of the skyrmion lattice of spins, characteristic 
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<< Size Matters 


EDITED BY STELLA HURTLEY 


Animals regulate their growth so that all organs are mutually proportional, even when growth 
occurs at different times. However, the mechanism by which this occurs is unknown. Nijhout and 
Grunert (p. 1693, published online 25 November) performed an analysis of relative wing growth 
in the tobacco hornworm, Manduca. Animals that were small owing to starvation had smaller 
wings, due to their slower growth rate, and they also stopped growing earlier than large, well-fed 
larvae. The insect hormone ecdysone was implicated in the process that governs this scaling 


relationship between adult wings and body size. 


of MnSi, which is detected by neutron scattering. 
Finally, McCamey et al. (p. 1652) extend the 
short lifetime of an electronic spin of a phospho- 
rous dopant by mapping it onto the much longer 
lived nuclear spin of the atom. Mapping the 
nuclear spin back onto the electronic spin allows 
production of a spin memory with a storage time 
exceeding 100s, which should prove useful for 
future practical applications. 


Better Imaging 
When Separated 


A fluorescent probe works better if its absorption 
and emission wavelengths are well separated; 
otherwise, the probe tends to reabsorb its own 
emission. Ghosh et al. (p. 1656, published 
online 25 November) found that oxygen doping 
of semiconducting single-wall carbon nano- 
tubes (SWCNTs) improved the characteristics 

of these materials as imaging probes in the 
near-infrared. Exposure 


online 18 November) designed a drug that 
inhibits the action of ghrelin, a circulating pep- 
tide hormone that increases fat mass and food 
intake. The drug, a bisubstrate analog called 
GO-CoA-Tat, is a selective antagonist of ghrelin 
O-acyltransferase (GOAT), an enzyme that 
catalyzes a posttranslational modification that 
is essential for ghrelin activity. Injection of GO- 
CoA-Tat into wild-type mice on a high-fat diet 
improved glucose tolerance and reduced weight 
gain, probably through changes in metabolic 
activity. Because GO-CoA-Tat is a peptide-based 
drug that requires repeated injection, it is 
unsuitable for clinical use, but GOAT does rep- 
resent a potentially valuable target for future 
drug development efforts in metabolic disease. 


Burn, Baby, Burn 


The atmospheric trace gas, carbon monoxide, 
has important effects on methane and on ozone, 
and is important both in atmo- 


of SWCNTs to ozone 
and then to visible light 
caused the emission 
wavelength to be 10 

to 15% longer than 

the absorption wavelength. They imaged these 
probes and untreated SWCNTs in cultured hu- 
man cells and found an ~20-fold improvement 
in contrast. 


Metabolism 
Without Modification 


Obesity-associated metabolic disease has 
rapidly become a public health priority in 

the developed world and is being addressed 
through prevention strategies aimed at life- 
style changes and through pharmacological 
approaches. Barnett et al. (p. 1689, published 
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spheric chemistry and for its indirect 
influence on climate. Little is known 
about the abundance and sources 

of CO prior to the industrial age, or 
about the importance of anthropo- 
genic activities on its budget. Wang et al. 

(p. 1663, published online 2 December; see the 
Perspective by Prentice) present a 650-year- 
long record of CO atmospheric concentra- 

tion and isotopic composition, using samples 
from Antarctic ice cores, in order to begin to 
reconstruct past CO variability and its causes. 
The concentration of CO decreased by ~25% 
from the mid-1300s to the 1600s, and then 
recovered completely by the late 1800s. Large 
variations in the degree of biomass burning in 
the Southern Hemisphere are likely to have been 
primarily responsible for the observed changes. 
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This Week in Science 


Continued from page 1583 
A Hot Dipole 


In a ferroelectric material, there is an alignment of local electric dipole moments that produces a 

net overall electric polarization. This state is accompanied by a decrease in symmetry, which can be 
restored by heating above a critical temperature. In contrast, through a combination of theory and ex- 
periments, BoZin et al. (p. 1660) now show that with increasing temperature, rock-salt—structured lead 
telluride and lead sulfide go through a phase transition from a high symmetry phase to a low symmetry 
phase with an associated dipole moment. Paradoxically, the dipoles are stabilized in the disordered 
state at high temperature, even though the undistorted structure has lower internal energy. 


Dissecting Nitric Oxide Reductase ee 


Bacterial breakdown of nitrogen compounds in soil and the 
oceans provides the largest emission source of the greenhouse 
gas, nitrous oxide (N,O). A key enzyme in this process is nitric 
oxide reductase (NOR), which catalyzes the reduction of nitric 
oxide (NO) to N.O. Hino et al. (p. 1666, published online 25 
November; see the Perspective by Moénne-Loccoz and Fee) 
now describe the crystal structure of NOR from Pseudomonas 
aeruginosa. Consistent with their evolutionary relatedness, the 
transmembrane region topology and arrangement of metal 
centers in NOR are similar to those in cytochrome oxidases, key 
enzymes in aerobic respiration. 


Few But Powerful 


Drug activation of the different types of acetylcholine receptors in cholinergic neurons often gener- 
ates opposing or conflicting effects. Using optogenetic techniques in transgenic mice, Witten et al. 
(p. 1677) investigated the function of a rather enigmatic subpopulation of cholinergic neurons, the 
giant interneurons of the nucleus accumbens. Their excitation paradoxically reduced neighboring 
medium spiny neuron firing, while their inhibition increased medium spiny neuron firing. Further- 
more, the giant interneurons were directly activated by cocaine, and silencing their drug-induced 
activity during cocaine exposure in freely behaving animals disrupted cocaine reward. 


Making a Germ Cell 


When it comes to generating the germ line, animals fall into two classes: those, like mammals, 
which use inductive interactions to specify the germ line and those, like nematodes, which use 

germ plasm—a specialized egg cytoplasm that segregates asymmetrically in embryos. Germ plasm 
contains germ, or P, granules—RNA-protein aggregates that have been thought to harbor the germ 
line determinants. Now, Gallo et al. (p. 1685, published online 2 December) describe a Caenorhab- 
ditis elegans mutant that challenges this belief. The germ line still formed even when germ granule 
components were missegregated. Thus, even in animals with germ plasm, germ granules appear to 
be a consequence, not a cause, of germ cell specification. 


Lymphocytes Layer It On 


Cells of the immune system begin to develop from hematopoietic stem cells (HSCs) during fetal life. 
In the adult, HSCs continue to produce immune cells to replenish dying cells or in response to an 
infection. In mice and birds, immune cell development occurs in a “layered” manner, whereby dis- 
tinct populations of HSCs that arise at different times during development generate distinct immune 
cell lineages. In contrast, development of human immune cells, and T lymphocytes in particular, is 
thought to be linear. Mold et al. (p. 1695; see the Perspective by Betz) now show that T lymphocyte 
development in humans is also “layered,” and strategically so. T cells that arise from fetal HSCs are 
enriched in regulatory T cells, which promote immune tolerance, rather than classical T cells, which 
readily respond to foreign antigen. By favoring the development of regulatory T cell populations 
during fetal life, the immune system is perhaps better able to keep responses to maternal antigens 
in check. The development of large numbers of classical T cells is delayed until after birth when 
infectious agents represent a more imminent threat. 
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Bruce Alberts is Editor- 
in-Chief of Science. 


Is the Frontier Really Endless? 


IN THIS ISSUE, THE NEWS TEAM AT SC/ENCE NAMES ITS ANNUAL BREAKTHROUGH OF THE YEAR 
(see p. 1604). This year the honor goes to the first quantum machine—a microscopic canti- 
lever ingeniously lowered to its lowest possible energy, the quantum ground state. The result 
may lead to ultrasensitive force detectors and to ways of controlling an object’s mechanical 
vibrations as deftly as we now control electricity and light. It also heralds further investiga- 
tions of one of the great mysteries of physics: the chasm separating the world of familiar 
objects from the bizarre realm of quantum mechanics. 

There were other remarkable achievements this year, including the first cell with a syn- 
thetic genome and the deciphering of much of the genome sequence of our close, long- 
extinct relative, the Neandertal. And at long last, in the fight against AIDS, a new micro- 
bicidal gel that reduces a woman’s risk of being infected with HIV. 

This issue also adds something new: a look back over the past 


10 years, highlighting 10 great scientific “insights of the decade” 2? ? P ? ? ? ? ? 


(see p. 1612). As emphasized, most of the insights have relied on the 
continued development of ever more powerful methods for investi- 
gating the world. Aided by new tools for peering out into space and 
for analyzing the molecules from which humans are made, among 
many others, the pace of scientific discovery is constantly accelerat- 
ing. But most amazingly, it seems that whenever science increases 
our comprehension of the world, great new mysteries arise that need 
to be deciphered; from “dark energy” to the “dark genome” in the 
past decade alone. Moreover, discoveries in one domain can create 
new possibilities for breakthroughs in another. Thus, the discovery of 
water on Mars opens up the exciting possibility of discovering a form 
of primitive life on that planet, which may produce a better under- 
standing of our own origins. 

The question arises whether there will always be surprises, or if someday, perhaps thousands 
of years from now, there will be nothing left to discover. Can we ever expect to reach a complete 
understanding—an end of humanity’s quest to understand the world through science? 

Consider, for example, the grand challenge of deciphering how a multitude of cells coop- 
erate with each other to form the human body. A cell is the fundamental unit of life, just as 
an atom is the fundamental unit of matter, and we have attained a highly sophisticated, but 
far from complete, understanding of its mechanisms. Loosely speaking, a cell is a collection 
of catalysts that, acting as a group, cause a complicated series of chemical reactions that end 
up duplicating all of the catalysts in the set. These are then divided into two sets, and the pro- 
cess starts over again with each daughter set. 

But despite gaining an increasingly detailed understanding of the chemistry that underlies 
fundamental processes such as cell division, there are huge swathes of biology that puzzle us. 
The simplest cell known, a bacterium, contains about 500 types of catalysts in its set; the set 
in human cells is much more complex, with about 50 times the number of different types. In 
the year 2000, we thought that this added complexity was enough to allow the 100,000 billion 
human cells produced from a single fertilized egg cell to form the cell collaborative that we 
call a human being. Today we recognize that there are many more players in human cells, and 
that, amazingly, a total of about two-thirds of our essential genetic information—our “dark 
genome”—is needed for processes whose nature mostly remains a mystery. 

Was Vannevar Bush right in 1945 when he described science as the “endless frontier”? 
Can we assume that if we solve the mysteries of the dark genome, new puzzles will arise? 
One can certainly hope so, because life would lose much of its grandeur and joy if we ever 
reached the finish line, with no further frontiers to challenge us. 

— Bruce Alberts 
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MICROBIOLOGY 


Easy Riders 


Microorganisms rarely act alone, and bacterial cells continually fire off sig- 
naling molecules, behave cooperatively, exchange metabolites, and swarm 
together. Despite its many advantages, collaboration is vulnerable to 
cheaters who may exploit the advantages generated by the collective 
without contributing themselves. Once cheating gains a foothold, it 
is difficult to eradicate. Xavier et al. 
of cheating in the bacterium Pseudomonas aeruginosa, which 
forms motile swarms that move on a self-produced, copious film 
of rhamnolipid surfactant. A mutant rendered incapable of emit- 
ting surfactant (green) could swarm along the film from a wild- 
type strain (red) without adversely affecting the producer, yet it 
overwhelmed a different strain engineered to produce surfactant 
continuously with no regulation. So how do colonies of wild-type 
producers avoid such takeover? Rhamnolipid production is costly; 
thus it is only synthesized when carbon is abundantly available and 
when growth is limited by a lack of nitrogen. In this scenario, per- 
haps bacteria need to be motile to find better food to resume growth, 
at which point surfactant production is switched off. Hence, by being 
frugal with surfactant production, producers can escape cheaters waiting 


for a free ride. — CA 


Mol. Microbiol. 10.1111/j.1365-2958.2010.07436.x (2010). 


CHEMISTRY 
Agile CO, Catchers 


There is vigorous ongoing research to develop 
sorbents that efficiently capture CO, generated 
through coal combustion and thereby keep 

it out of the atmosphere, where its infrared 
absorption would contribute to global warm- 
ing. It's critical to bind the gas rapidly and 
selectively, but not too tightly, as release for 
concentrated sequestration should also be fac- 
ile. Aqueous amines are promising compounds 
for this purpose, though ionic liquids (ILs), with 


their low volatility and high 


stability, might offer even 


better prospects. Unfor- 
tunately, in preliminary 
studies, introduction 

of CO, has led to an 

impractical rise in IL J 

viscosity, attributed to e) -) ) 
the formation of salt 

bridge networks. To skirt ) ) 
this drawback, Gurkan et 

al. performed simulations 

on a distinct IL class com- 

prising pyrrolide anions (charge balanced by 
tetraalkyl phosphonium) that could covalently 
capture CO, without involving network-forming 
protons. They then went on to synthesize a 


~ ] 


have explored the occurrence 


2-cyanopyrrolide IL, and as predicted, the 
medium absorbed superstoichiometric quanti- 
ties of CO, with minimal viscosity increase and 
even tolerated the presence of water. A variant 
based on a pyrazolide, rather than pyrrolide, 
framework confirmed the tunability of the 
approach. — JSY 


J. Phys. Chem. Lett. 1, 3494 (2010). 


DEVELOPMENT 
Protein in Context 


Proper cell differentiation requires permissive 
chromatin structure and specific transcrip- 
tion factor participation. The adult intestinal 
epithelium is an excellent model for studying 
transcriptional regulation during differentia- 
tion. The homeodomain protein 


CDX2 is expressed in progenitor 
() <7) and differentiated cells of the 
mammalian intestinal epithelium, 
where it likely acts as a master regulator 
for intestine development. Whether this factor 
regulates genes in the same way in both the 
proliferating and differentiated cells, however, 
is unclear. Verzi et al. now show that CDX2 is 
needed for appropriate chromatin modifications 
in intestinal epithelium; however, rather than 
showing a conserved mode of regulation, CDX2 
associates with different binding sites and par- 


ticipates with variable chromatin and transcrip- 
tion factors among progenitor and differenti- 
ated intestinal cells. Hence, temporal function 
and cellular context dictate the mechanism of 
action of CDX2. — BAP 

Dev. Cell 19, 713 (2010). 


MOLECULAR BIOLOGY 
High Fidelity Required 


Covalent modifications of histones in nucleo- 
somes can determine characteristic gene expres- 
sion states for specific cells and tissues. These 
marks are thought to be maintained through 
cell division and DNA replication by the close 
coordination of histone eviction from the paren- 
tal DNA with the transfer of the “parental” his- 
tones onto the nascent daughter DNA strands. 
The modifications on these recycled histones 
are then copied to new nucleosomes added to 
counter the twofold dilution on the daughter 
DNA. The fidelity of histone transfer depends on 
its close coordination with DNA replication. 
Sarkies et al. find that the normally silent 
[rho]-globin gene, which contains G quadru- 
plex (G4) sequences that disrupt DNA replica- 
tion, becomes activated in chicken cells lacking 
the specialized DNA polymerase REV1. REV1 
helps the DNA replication machinery bypass G4 
DNA. In the absence of REV1, post-replicative 
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gaps are suggested to form in the vicinity of 
the G4 DNA, which are filled in later, thereby 
uncoupling replication and parental histone 
transfer. In the absence of the coupled transfer, 
new histones are used to populate the repaired 
gaps. New histones bear activating marks—not 
the repressive marks of the [rho]-globin pa- 
rental nucleosomes—resulting in [rho]-globin 
gene activation. Many of the genes activated 

in cells lacking REV1 also have G4 consensus 
sequences close to their promoters, suggesting 
that histone recycling is critical for maintaining 
epigenetic states. — GR 


Mol. Cell 40, 1 (2010). 


BIOPHYSICS 
Shining Light on Tendonitis 


Athletes, whether two- or four-legged, can 
develop tendonitis, a painful condition that 
requires a long recovery period. Fundamen- 
tal imaging studies of damage to collagen 
in tendon often exploit its birefringence, 
but polarized light imaging usually requires 
chemical staining of the fibers. 
Sivaguru et al. exploited collagen’s 
noncentrosymmetric organization 
to perform direct imaging through 
second-harmonic generation. In 
their technique, two near-infrared 
photons (780 nm wavelength) from 
an ultrashort pulsed laser combine 
in the sample to produce a photon at 
390 nm. The resulting images, which 
were taken both with light transmitted 
through the sample (forward scans) 
and with reflected light (backward 
scans), were then Fourier-transformed 
to determine fiber orientations. They 
compared normal tendon from horse 
with tendon that had undergone a 
model for injury—degradation with 
collagenase. Degradation led to a de- 
crease in fiber orientation and better 
spread in the forward and backward 
scan ratios. Such strain-free methods 
lend themselves to endoscopic approaches for 
assessing tendon damage. — PDS 

Opt. Express 18, 24983 (2010). 


COMPUTER SCIENCE 
Sensing Worms 


Arrays of small remote sensors are increasingly 
being used to gather fundamental data in many 
fields. Examples range from medical monitoring 
within and beyond hospitals to assessing energy 
usage. New sensors communicate wirelessly, 

are battery-powered, and have their own small 
processors and memory. For simplicity, they 


EDITORS'CHOICE 


typically lack much security, but it has been 
considered difficult to infect a network through 
a few sensors. Giannetsos et al. explore how 
one common type of sensor, using the Van 
Neumann architecture, can be infected with 
a worm that will spread through the sensor 
network. In this architecture, the instructions 
and data share the same memory, and multiple 
packets of the virus can be uploaded into the 
buffer overload; once assembled, they override 
the instructions. Regular automatic commu- 
nication with other sensors spreads the worm. 
The authors also explore how to protect sensor 
networks from this kind of attack. — BH 
Comput. J. 53, 1576 (2010). 


SIGNAL TRANSDUCTION 
Getting Apoptosis Started 


Activation of the Bak and Bax proteins in 
response to apoptotic stimuli initiates the 
cascade of events that commit the cell to 
death. Bak and Bax activation requires a 
conformational change followed by multimer- 
ization, and now Fox et 
al. provide evidence for 
an additional layer of 
regulation. The authors 
identified a specific tyro- 
sine residue, Y!°, on Bak 
that is phosphorylated in 
healthy human cells but 
was dephosphorylated 
during apoptosis. De- 
phosphorylation of Bak 
led to a conformational 
change and was neces- 
sary but not sufficient 
to cause Bak activation. 
A siRNA screen identi- 
fied the protein tyrosine 
phosphatase PTPN5 as a 
major contributor to Bak 
activation in response to 
apoptotic stimuli. PTPN5 
was regulated by the 
mitogen-activated protein (MAP) kinases ERK1 
and ERK2. MAP kinase activation generally 
promotes cell survival, and MAP kinase activity 
was transiently decreased in cells treated with 
an apoptotic stimulus. This corresponded with 
increased dephosphorylation of Y° by PTPNS. 
Thus, Bak may act as a point of integration of 
MAP kinase signaling with other pathways that 
influence the association of Bak with proapop- 
totic proteins. These results also suggest that 
by default, cells are programmed to survive 
and require multiple positive signals to initiate 
apoptosis. — LBR 

EMBO J. 29, 3853 (2010). 
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Magic Mint 

Salvia divinorum may be this 
generation's answer to magic 
mushrooms. A hallucinogenic 
member of the mint family, it 

has been used for centuries by 
Mexican shamans for spiritual 
purposes. Within the past decade 
it's become popular as a legal 
high—at least where its use hasn't 
been outlawed. Now researchers 
at Johns Hopkins University have 
conducted the first human labora- 
tory study on the plant, published 
online 4 December in Drug and 
Alcohol Dependence. 

Salvia’s active ingredient, 
salvinorin A, binds to a different 
receptor than do drugs such as LSD 
or marijuana, which affect serotonin 
and endocannabinoid receptors. 
The effect is both much briefer and 
much more intense—enough to 
shake up the study subjects, who had 
all used other hallucinogenic drugs. 
“People were saying it was like open- 
ing a portal to another dimension,” 


wares 


says the study’s lead author, Matthew = —=——.= 
Johnson. They also encountered the 

same hallucinated beings from session to ses- 
sion. Salvinorin A could potentially become a 
research tool for conditions such as schizophre- 
nia and dementia, Johnson says. Meanwhile, 
given the intensity of its effects, the classic 
caveat still applies: Kids, don’t try this at home. 


AQUA BOT 


Faster, Better, Smaller 


Jonathan Rothberg is betting that $3 million 

will get labs around the world working on how 
to speed up the already rapid ascent of his new 
DNA sequencing technology. On 14 December, 


Anyone who has taken a marine biology course is familiar with wading 
into the muck to collect samples. Christopher Scholin, president of the 


Monterey Bay Aquarium Research Institute in Moss Landing, California, 
spent 20 years searching for a better way. He came up with the Environmental Sample Processor 
(ESP), a “lab in a can” that can gather, prepare, and test water samples for microorganism DNA all 
on its own. Scientists can place the device anywhere from a freshwater marsh to the deep ocean 
and view the results remotely over the Internet—no galoshes required. 


It's a very promising and unique piece of equipment, 


says Don Anderson of the Woods Hole 


Oceanographic Institution in Massachusetts, who is testing the first ESP commercial Oe 


Instruments that measure salinity, temperature, 
and current are standard, he says, “but it’s a 
rare and unique sensor that can give you infor- 
mation about individual species.” 

Anderson will use the ESP to collect data on 
“red tide” blooms of toxin-producing Alexan- 
drium fundyense algae in New England coastal 
waters. Other applications for the ESP, which was 
partly funded by NASA, could include monitor- 
ing drinking water quality and detecting micro- 
bial life in space, Scholin says. “Now that we've 
created a device to do remote analysis, we would 
welcome partnerships.” 
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Million-Dollar Bird 


Last week, this hand-painted print and the 434 
others in John James Audubon’‘s mid—19th cen- 
tury book The Birds of America sold at Sotheby's 
in London for $11.6 million to an anonymous 
bidder. Just 120 copies are known to exist. 
Unlike other bird illustrators, Audubon 
“wanted to present them lifelike” and life-size, 
says curator Charles Aston of the University 
of Pittsburgh in Pennsylvania, who maintains 
that library's copy. So he shot birds—"he was 
an excellent marksman, and some of these 
are tiny birds”"—posed them, and painted 
them in botanically accurate backgrounds. 
Audubon’s field notes, published separately 
in Ornithological Biography, might shock a 
modern ornithologist, Aston says. “Often you 
get the startling comment such as, ‘They're 
very good roasted.’ “ 


Rothberg, founder of lon Torrent, which uses 
semiconductor know-how to build miniature 
sequencing machines, announced three $1 mil- 
lion prizes for researchers who can make his chip 
technology “faster, more accurate, and even 
more scalable.” 

One way to earn a million: Cut 
sample preparation time in half 
so that, independent of whether 
the starting point is human 
spit or bacteria, sequences 
start rolling off the machine 
within 5 hours. A second million 
is for tweaking the chemical processes used to 
decode DNA so that the chip can churn through 
twice as much sequence at a time. The third 
rewards software that can identify bases more 
accurately from the lon Torrent chip's raw data. 

The funds are the first committed from a 
$7 million program by lon Torrent’s parent 
company, Life Technologies Corp., to encourage 
outside involvement in improving the company’s 
products. “It’s an interesting and very innova- 
tive approach and is going to get the research 
community excited about this technology,” says 
Ulrich Broeckel, a complex-diseases geneticist at 
the Medical College of Wisconsin in Milwaukee. 
His lab is one of about a half-dozen to have an 
lon Torrent machine, and he plans to go after a 
prize. Given the funding climate, $1 million “is a 
nice incentive,” he adds. 
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NSF Won't Build Underground Lab; 
Scientists Hope That DOE Will 


Plans to convert an abandoned gold mine in 
South Dakota into the world’s largest under- 
ground lab may have to be scaled back and 
could fall apart entirely after the National 
Science Foundation’s (NSF’s) oversight 
board rejected the current proposal. 

On 30 November, the National Science 
Board (NSB), which sets policy for NSF, 
turned down the agency’s own request for 
additional money to support development 
through 2011 of the $875 million Deep 
Underground Science and Engineering Lab- 
oratory (DUSEL) at the Homestake mine 
in Lead, South Dakota. That puts the onus 
on the Department of Energy (DOE), NSF’s 
partner in the project, to pay for whatever it 
wants to build. 

Supporters are putting the best light on the 
board’s decision. “This is not the end of the 
project,” says Kevin Lesko, a physicist at the 
University of California, Berkeley, who leads 
the design team. “We are continuing con- 
versations with the NSB, NSE, and DOE to 
resolve their issues and to maintain the proj- 
ect’s momentum.” But Edward Seidel, who 
leads NSF’s mathematical and physical sci- 
ences directorate, says that the 10-year cam- 
paign to build the underground facility has 
entered uncharted waters: “One option that’s 
no longer open is that the NSF would 
steward the facility.” In other words, 
NSF may support experiments to be 
done at DUSEL, but it won’t build the 
lab itself. 

Researchers in Italy and Japan 
have enormous underground labs, 
and earlier this week China opened 
the world’s deepest lab, 2500 
meters down in a tunnel through 
Jinping Mountain in Sichuan 
Province (Science, 5 June 2009, 

p. 1246). DUSEL was supposed 
to be the biggest lab and, with a 
chamber at 2250 meters, among 
the deepest (Science, 12 Novem- 
ber, p. 904). The great depth 
would shelter experiments from 
cosmic rays, and the huge capac- 
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Biology, geology, engineering 
experiments 


ity would allow for a suite of physics experi- 
ments whose results could be revolutionary, 
such as searches for particles of the myste- 
rious dark matter whose gravity binds the 
galaxies and for a kind of radioactivity that 
would blur the distinction between matter 
and antimatter. The lab would also give geo- 
physicists and microbiologists rare access to 
Earth’s innards. 

DUSEL began its rocky journey in 2001, 
when researchers tried and failed to win a 
congressional earmark to prevent the then- 
functioning Homestake mine from filling 
with water after it was shut down. NSF then 
held a site competition and in July 2007 chose 
Homestake, by then under water, based on a 
conceptual design. In September 2009, NSB 
approved $29 million to support a detailed 
preliminary design to be finished this year. 

But that money didn’t cover what’s needed 
to continue operations, a key consideration 
because the pumps must keep running to 
keep the partially drained mine from filling 
up again. In March, South Dakota appro- 
priated $5.4 million to keep things going 
through May 2011. NSF and the research 
team requested $19 million to tide them over 
until NSB could evaluate the design late next 
year, with the expectation that the board 
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would provide $10 million more in the spring. 

Instead, the NSB panel decided that the 
current plan was “unacceptable.” Mem- 
bers objected to the two agencies’ plan to 
share responsibilities and costs, says Mark 
Abbott, chair of the NSB committee that took 
action last month. Under that “stewardship 
model,” NSF would have borne the $480 mil- 
lion expense of developing DUSEL’ infra- 
structure, while DOE took the lead for the 
lab’s biggest experiment, a particle detector 
called the Long-Baseline Neutrino Experi- 
ment (LBNE) weighing up to 200,000 met- 
ric tons and costing at least $660 million. 
That experiment would snare neutrinos fired 
through Earth from DOE’s Fermi National 
Accelerator Laboratory in Batavia, Illinois, 
and would be Fermilab’s flagship project in 
coming decades. 

The NSB panel also questioned whether 
the massive infrastructure project fits the mis- 
sion of NSF, which ordinarily builds scientific 
instruments such as telescopes. “We’re a sci- 
ence agency, not a mission agency, or a facil- 
ities agency, or a big infrastructure agency,” 
says Abbott, a biological oceanographer at 
Oregon State University, Corvallis. In con- 
trast, DOE’s Office of Science supports a 
network of national labs and user facilities 
specifically chosen to further DOE’s mission. 

NSB’s decision affects the particle phys- 
ics programs at both NSF and DOE. LBNE 
designers aren’t wedded to a site, says 
Robert Tschirhart, a physicist at Fermi- 
lab, and an alternative could be the San- 
ford Underground Laboratory, the portion 

of Homestake that South Dakota has 
opened with $34.2 million of its own 
money and $70 million from philan- 
thropist T. Denny Sanford in prepara- 
tion for DUSEL approval. 
The good news for DUSEL devel- 
opers is that DOE seems willing to 
try to salvage the project. “We have 
a not made any decisions yet, but 
we are trying not to lose all the 
effort that has been put into the 
project so far,” says William 
Brinkman, head of DOE’s Office 
of Science. In the meantime, 
there is only enough money to 
keep the water pumps running 
for a few more months. 
-ADRIAN CHO 
With reporting by Jeffrey Mervis. 
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CLIMATE NEGOTIATIONS 


Breakthroughs 
of the year 


Cancun Delegates See the Trees Through a Forest of Hot Air 


A new deal inked last week at the United 
Nations climate talks in Mexico paves the way 
for rewarding nations for maintaining their for- 
ests. A central facet of the agreement, which 
puts the protection of trees at the vanguard of 
climate negotiations, is a call for developing 
countries to begin calculating national totals 
for emissions from forest loss and to adopt 
systems to begin monitoring deforestation. 

The deal, which rests upon years of 
research and political maneuvering, opens the 
door for future trading of forest credits. Paying 
poor nations to preserve trees is considered a 
key component of any long-term strategy to 
reduce emissions. It also enshrines the sci- 
entific finding that carbon in forests can and 
should be measured at national scales. “Once 
you have the science demonstrating how it 
can work, it makes it possible politically,’ says 
Paulo Moutinho, executive director of Brazil’s 
Instituto de Pesquisa Ambiental da Amazénia. 

Deforestation, whether trees are felled 
or burned, contributes as much as a quarter 
of greenhouse gas emissions from human 
activity worldwide. The agreement on 
reducing emissions from deforestation and 
forest degradation, known as REDD, sets the 
stage for an arrangement in which countries 
would be compensated for slowing defores- 
tation. Nations that keep trees standing might 
then sell credits to developed countries, or 
even individual polluters. The agreement 
does not, however, spell out a compensation 
mechanism. “How this stuff will be funded 
has been kicked down the road,” says Steve 
Schwartzman of the Environmental Defense 
Fund (EDF) in Washington, D.C. 

REDD was a high point among a series of 
modest achievements forged in the 2-week 
meeting in Cancun that ended on 11 Decem- 
ber. Another agreement is a $100-billion-per- 
year green fund for developing nations to 
adapt to climate change and promote clean 
energy, although as with REDD, no one 
knows how that money will be raised. Nego- 
tiators also made progress on rules for sharing 
technology and monitoring emissions reduc- 
tions. Mexican President Felipe Calder6n said 
the meeting removed the “inertia of mistrust” 
that has existed, particularly between poor and 
rich countries. 
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Lumbering giantsAgreement 
highlights the role of forests:in 
reducing-carbon emissions, 


Climate negotiations nearly broke down a 
decade ago over the REDD question. Negotia- 
tors initially wanted to allot credits to small- 
acreage conservation projects that could be 
carefully monitored. But protecting trees in 
one place might simply cause them to be cut 
down elsewhere. 

Forest scientists and policy experts have 
since crafted the national-scale strategy at the 
heart of the REDD deal. One key step was 
a proposal in a 2005 paper by Brazilian and 
US. researchers, including Schwartzman, for 
“compensated reduction,” a process in which 
countries could be rewarded for stemming 
deforestation at a national level. 

In a series of meetings since then, remote- 
sensing experts determined that tools to calcu- 
late national totals do exist. Those workshops 
“showed the U.N. parties that you could actu- 
ally measure this stuff,’ says Annie Petsonk, a 
forest expert with EDF. 

The ability to monitor its forests has been 
a boon to Brazil, where, until a few years 
ago, deforestation was a source of shame 
and raw data were confidential. “Five or 
6 years ago, Brazil’s government didn’t want 
to discuss deforestation, so they would say 
we didn’t know how much carbon there was 
in the forest,” says Moutinho. “Now it’s hard 
to find anyone who questions the measure- 
ment technology.” After building up the 
largest remote-sensing agency of any tropi- 
cal nation, Brazil officials arrived at Canctin 
touting the lowest rate of national deforesta- 
tion in more than 2 decades. 


Published by AAAS 


17 DECEMBER 2010 


Researchers have also made 
progress in understanding the most 
effective ways to preserve forests. 
One powerful tool, they say, is 
demarcating territory for indige- 
nous groups, which has occurred 
throughout Latin America in the 
past few years by the millions of 
hectares. “Before, that was just an 
argument. Now there is economic 
and remote-sensing data that backs 
up” that approach, says David 
Kaimowitz of the Ford Foundation 
in Mexico City. 

Some researchers have also 
argued that REDD may be the 
cheapest way to reduce carbon emissions. That 
“created [the] political will,’ says Kaimowitz. 

Scientists are already plotting their next 
steps, including how to merge remote- 
sensing data with on-the-ground monitoring. 
The biggest near-term challenge, scientists 
say, will be helping developing countries put 
in place the “robust and transparent” national 
forest-monitoring systems stipulated under the 
agreement. The Cancun deal requires coun- 
tries to propose rules “for measuring, report- 
ing and verifying anthropogenic forest-related 
emissions” before next year’s meeting in 
Durban, South Africa. 

Some solutions are already coming into 
view. At Cancun, the charity arm of the search 
company Google unveiled Google Earth 
Engine, which will allow users to study defor- 
estation using its computing power. And a 
group at the Carnegie Institution for Science 
in Stanford, California, has been training 
hundreds of experts from several countries to 
analyze deforestation data. 

Despite having a general framework for 
REDD, it will take years of negotiations to 
fill in the details. One especially sticky ques- 
tion is setting the baseline year against which 
to measure progress. Still, remote-sensing 
and forestry experts came away from Cancun 
revitalized. “It makes me feel that the last 
5 years of not sleeping has been worth it,” 
says Carnegie tropical ecologist Greg Asner. 
“We’ll keep being sleepless, but we’re going 
to be celebrating this.” 

—-ELI KINTISCH AND ANTONIO REGALADO 
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HIGH TECHNOLOGY 


Haunted by ‘Specter of Unavailability, 
Experts Huddle Over Critical Materials 


When shipments of rare earth metals from 
China to Japan temporarily stopped in the 
wake of a territorial spat this autumn, high- 
tech companies around the world got an 
uncomfortable reminder that China owns a 
stranglehold on supplies of the coveted com- 
modities. The episode might have attracted 
more attention than China hoped for. The 
U.S. Department of Energy (DOE) and 
counterparts in Japan and Europe have held 
workshops in recent weeks bringing materi- 
als scientists and policymakers together to 
brainstorm on how to ensure supplies of rare 
earths and other strategic minerals and to 
stimulate research on alternatives. 

The meetings, at Lawrence Livermore 
National Laboratory in California in Novem- 
ber and at the Massachusetts Institute of 
Technology in Cambridge, Massachusetts, 
earlier this month, are expected to help DOE 
chart a strategy for critical materials, partici- 
pants say. The quickest fix for restricted sup- 
ply would be boosting production outside of 
China. But no one expects breakthroughs on 
supply or alternative materials overnight. 

Rare earths—elements 57 through 71 
on the periodic table plus scandium and 
yttrium—are key components in products 
such as solar panels and hybrid cars. Around 
95% of the current supply comes from China, 
which is holding back an increasingly large 
share of production for its own use (Science, 
11 September 2009, p. 1336). The recent con- 
troversy over shipments to Japan has obsery- 
ers worried about China’s willingness to 
squeeze supplies for political purposes. 

“The specter of mineral unavailability” 
due to geopolitical risks or market imbal- 
ances haunts other elements as well, says 


Roderick Eggert, a mineral resources econ- 
omist at the Colorado School of Mines in 
Golden. Most of the world’s lithium, a key 
component in batteries for consumer elec- 
tronics and electric vehicles, is mined in 
Bolivia. Congo and Zambia are the main 
sources of cobalt, used in high-strength 
alloys and as an industrial catalyst. Indium 
and tellurium, ingredients of photovoltaic 
cells and flat panel displays, are byproducts 
of, respectively, zinc and copper processing. 
Because availability of indium and tellurium 
depends on demand for copper and zinc, sup- 
plies of the two won’t necessarily increase 
with increasing prices, Eggert says. 

Even before China flexed its muscles, 
experts in other countries were fretting over 
critical materials. A few years ago, Toru 
Nakayama, who manages materials research 
programs for the New Energy and Indus- 
trial Technology Development Organization 
(NEDO) in Kawasaki, Japan, drafted a rare 
metal substitute development project while at 
the Ministry of Economy, Trade and Industry. 
Since 2007, NEDO has organized consortia 
of researchers from companies, universities, 
and institutes to work on reducing or replac- 
ing indium, dysprosium, platinum group 
metals, and four other elements in high-tech 
products. NEDO has provided $82 million 
over the past 4 years for these efforts. As that 
effort was getting started, the U.S. National 
Research Council warned in 2008 that a 
looming shortage of critical minerals could 
hinder adoption of emerging clean energy 
technologies. And last June, the European 
Commission released a report citing con- 
cerns over access to 14 critical raw materials. 

On the rare earth supply issue, workshop 


Going critical. A worker pours the rare earth metal 
lanthanum into molds at a workshop in China. 


participants agreed that immediate relief 
would come from “getting rare earth mines 
outside of China up to speed as fast as you 
can,” says Karl Gschneidner Jr., a metallur- 
gist at DOE’s Ames Laboratory and Iowa 
State University. Two rare earth mines— 
one in the United States and another in 
Australia—could come on stream in 2011, 
says Eggert. In the meantime, he says, manu- 
facturers will be working to make more effi- 
cientuse ofthe scarce minerals. Several NEDO 
projects aim to optimize manufacturing 
processes or tweak materials to get the same 
performance out of less mineral. 

The toughest challenge may be to replace 
rare elements (Science, 26 March, p. 1597). 
Some materials have been in use for several 
decades, and “nobody has found substitutes 
yet,’ says Gschneidner. For example, he says, 
phosphors in lighting and optics applications 
have unique properties difficult to find in 
other materials. 

The workshops showcased some prog- 
ress on replacements. One NEDO-funded 
group has produced a trial liquid crys- 
tal display that uses zinc oxide instead of 
indium tin oxide for some electrodes, reduc- 
ing indium use by 45%. Dysprosium, used 
in the magnets in motors powering electric 
and hybrid vehicles, is another target. Sev- 
eral groups have developed dysprosium-free 
magnets, but they weaken at car motor oper- 
ating temperatures, says Kunihiro Ozaki, a 
materials scientist at Japan’s National Insti- 
tute of Advanced Industrial Science and 
Technology. By tweaking grain proper- 
ties and strictly controlling manufacturing, 
researchers hope to strengthen these mag- 
nets’ thermal resistance—but that could take 
5 years or more, Ozaki says. 

Workshop participants came away with a 
clearer picture of what colleagues are doing 
in other countries. “It was very valuable to 
understand the extent of the program that’s 
ongoing in Japan,” says John Hryn, a materi- 
als scientist at Argonne National Laboratory 
in Illinois. The first cooperative effort is likely 
to be between the geological surveys of the 
United States and Japan to assess rare min- 
eral deposits around the world, Eggert says. 
Beyond that, Hryn says there are a number of 
ongoing projects at Argonne focused on mag- 
nets, phosphors, and catalysts that use rare 
earths, creating “opportunities for future col- 
laborations.” These will take time to coalesce 
and bear fruit. In the meantime, China is sit- 
ting pretty with most of the rare earth cards. 

—DENNIS NORMILE 
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DEMOGRAPHIC RESEARCH 


Asia's Looming Social Challenge: 
Coping With the Elder Boom 


BEIJING—Asia is graying fast. The portion of 
the population age 65 or older will more than 
triple in China, India, and Indonesia—and 
more than double in Japan—between 2000 
and 2050, according to United Nations pro- 
jections. That’s a triumph of civil society and 
medical science, but it also poses stiff chal- 
lenges to Asian nations trying to create or 
strengthen social safety nets. “Responding to 
these challenges will be one of the most dif- 
ficult tasks facing governments in the first half 
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Country-Level Longitudinal 
Population Studies in Asia 


China Health and Retirement | Pilot survey in 2008 
Longitudinal Study (CHARLS) | Baseline wave in 2011 


Health, Aging and Retirement 
in Thailand (HART) 


Indonesian Family Life 
Survey (IFLS) 


Japanese Study of Aging 
and Retirement (JSTAR) 


Korean Longitudinal Study 
of Aging (KLoSA) 


Longitudinal Aging Study 
in India (LAS!) 


Study on Global AGEing 
and Adult Health (SAGE) 


Pilot survey in 2009 
Next wave in 2011 


Started in 1993 
Fourth wave in 2008 


Baseline survey in 2007 


Started in 2006 
Third wave under way 


Pilot survey in 2010 
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of this century,” warns a report’ released here 
last week by five science academies. 
Long-term population studies under way 
or about to begin will chart demographic, 
economic, and health transitions—and give 
governments worldwide clues about how to 
cope with the aging boom. One hallmark 
of the studies is that all will put data in the 
public domain—not a common practice in 


“Preparing for the Challenges of Population Aging in 
Asia, the Chinese Academy of Social Sciences, the Indian 
National Science Academy, the Indonesian Academy of 
Sciences, the National Research Council of the U.S. 
National Academies, and the Science Council of Japan. 
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Asia. “This is a scientific revolution,” says 
James P. Smith, a senior economist at RAND 
Corp. in Santa Monica, California. “There 
are no secrets anymore. This is our version 
of WikiLeaks.” 

Asia’s demographic shift is happening at 
a torrid clip. In the United States, it will take 
approximately 70 years for the percentage of 
the population age 65 and older to rise from 
7% to 14%. Such a doubling is expected to 
occur in only about 25 years in China, India, 
and Indonesia, according to the report. “The 
growth in the number of the elderly will speed 
up very fast, and we are not prepared,” says 
Mayling Oey-Gardiner, an economics profes- 
sor at the University of Indonesia in Jakarta. 
“There are no social safety nets in Indonesia.” 

That’s also true in China, where several 
factors—including its 30-year-long one-child 
policy and a tide of young migrant workers 
seeking their fortunes in cities—will increas- 
ingly leave elderly people to fend for them- 
selves, especially in the countryside. In a 
revealing survey in 72 villages in Shandong 
Province, Wang Guangzhou and his col- 
leagues at the Chinese Academy of Social 
Sciences’ Institute of Population and Labor 
Economics here found that more than 80% of 
the elderly were in debt. Most could not afford 
medical care and lived in dilapidated housing. 

A new generation of population stud- 
ies (see table) modeled after the 20-year-old 
US. Health and Retirement Study will docu- 
ment, among other things, to what extent chil- 
dren will support elderly parents, how much 
money older Asians have put away for retire- 
ment or receive from pensions or govern- 
ments, and how medical systems will manage. 
“We will learn what the myths are and what 
the facts are—what’s happening in people’s 
lives,” says Smith. 

It will be up to policymakers to implement 
the lessons. And the longer Asian govern- 
ments wait to craft policies to care for gray- 
ing populations, the more constrained their 
choices will be, says the report. Asia may not 
want to look to the United States for answers, 
says Robert Hauser of the National Acade- 
mies. “We don’t have a good model,” he says. 
“We have a terrible situation with respect to 
[overreliance on] institutional care of the 
elderly.” The population studies may not offer 
ready solutions, but they will give a vivid pic- 
ture of the transformation of Asian societies. 

—-RICHARD STONE 
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Sciencelnsider 


From the Science 
Policy Blog 


The FBI has belatedly provided an expert 
panel with new information that will delay 
a long-awaited report on the scientific 
merits of the government's investigation 
into the deadly 2001 anthrax mailings. 
Five weeks after getting a draft report, FBI 
officials provided new material and asked to 
appear before the committee. 
http://scim.ag/anthrax_report_delay 


Political leaders in three western states are 
seeking help from Congress to remove the 
northern Rocky Mountain gray wolf from 
protection under the Endangered Species 
Act. “There do need to be discussions,” says 
one California wildlife biologist. “But this 
needs to be done with the best science pos- 
sible, not with legislation.” 
http://scim.ag/wolf_politics 


Eight bioethicists at the University of Min- 
nesota are charging that their own institu- 
tion has committed an “alarming series 
of ethical violations” in a clinical trial 
during which a young man committed sui- 
cide in 2004. They say that his death wasn’t 


adequately investigated. 
http://scim.ag/minnesota_bioethics 


The Irish government has increased its 
funding for research in 2011 by 12% 
despite being forced to make €6 billion 

in cuts following its recent bailout. But an 
emphasis on commercial research has some 
scientists concerned that funding for basic 
science will suffer. 
http://scim.ag/ireland_bucks_trend 


European nuclear physicists released 

a long-range plan that sets as their top 
priorities completion of the Facility for 
Antiproton and lon Research in Darmstadt, 
Germany, and of SPIRAL2, a complementary 
machine at France's GANIL lab in Caen. 
http://scim.ag/nupecc_report 


A new test for tuberculosis that is 
cheaper, faster, and more accurate 

than standard tests has received an impor- 
tant thumbs-up from the World Health 
Organization. http://scim.ag/better_tb_test 


For more science policy news, visit http:// 
news.sciencemag.org/scienceinsider. 
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DIGITAL DATA 


Google Opens Books to New Cultural Studies 


In March 2007, a young man with dark, curly 
hair and a Brooklyn accent knocked on the 
door of Peter Norvig, the head of research 
at Google in Mountain View, California. It 
was Erez Lieberman Aiden, a mathematician 
doing a Ph.D. in genomics at Harvard Univer- 
sity, and he wanted some data. Specifically, 
Lieberman Aiden wanted access to Google 
Books, the company’s ambitious—and 
controversial—project to digitally scan every 
page of every book ever published. 

By analyzing the growth, change, and 
decline of published words over the centuries, 
the mathematician argued, it should be possi- 
ble to rigorously study the evolution of culture 
on a grand scale. “I didn’t think the idea was 
crazy,” recalls Norvig. “We were doing the 
scanning anyway, so we would have the data.” 

The first explorations of the Google 
Books data are now on display in a 


Their 2007 study of the evolution of English 
verbs, for example, made the cover of Nature. 
But they had never contended with the amount 
of data that Google Books offered. It currently 
includes 2 trillion words from 15 million 
books, about 12% of every book in every lan- 
guage published since the Gutenberg Bible in 
1450. By comparison, the human genome is a 
mere 3-billion-letter poem. 

Michel took on the task of creating the soft- 
ware tools to explore the data. For the analy- 
sis, they pulled in a dozen more researchers, 
including Harvard linguist Steven Pinker. 
The first surprise, says Pinker, is that books 
contain “a huge amount of lexical dark mat- 
ter.” Even after excluding proper nouns, more 
than 50% of the words in the n-gram data- 
base do not appear in any published diction- 
ary. Widely used words such as “‘deletable” 


United 


or “degenerate,” such as the painter Pablo 
Picasso. Indeed, the n-gram trace of their 
names in the German corpus plummets dur- 
ing that period, while it remains steady in the 
English corpus. 

Once the researchers had identified this 
signature of political suppression, they ana- 
lyzed the “fame trace” of all people men- 
tioned in German books across the same 
period, ranking them with a “suppression 
index.” They sent a sample of those names to 
a historian in Israel for validation. Over 80% 
of the people identified by the suppression 
index are known to have been censored— 
for example, because their names were on 
blacklists—proving that the technique works. 
But more intriguing, there is now a list of 
people who may have been victims of sup- 
pression unknown to history. 

“This is a wake-up call to the humanities 
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unknown to historians. “The ambition is 
enormous,” says Nicholas Dames, a literary 
scholar at Columbia University. 

The project almost didn’t get off the 
ground because of the legal uncertainty sur- 
rounding Google Books. Most of its content 
is protected by copyright, and the entire proj- 
ect is currently under attack by a class action 
lawsuit from book publishers and authors. 
Norvig admits he had concerns about the 
legality of sharing the digital books, which 
cannot be distributed without compensat- 
ing the authors. But Lieberman Aiden had an 
idea. By converting the text of the scanned 
books into a single, massive “n-gram” 
database—a map of the context and fre- 
quency of words across history—scholars 
could do quantitative research on the tomes 
without actually reading them. That was 
enough to persuade Norvig. 

Lieberman Aiden teamed up with fellow 
Harvard Ph.D. student Jean-Baptiste Michel. 
The pair were already exploring ways to study 
written language with mathematical tech- 
niques borrowed from evolutionary biology. 


hand 


and obscure ones like “slenthem” (a type of 
musical instrument) slipped below the radar 
of standard references. By the research team’s 
estimate, the size of the English language has 
nearly doubled over the past century, to more 
than | million words. And vocabulary seems 
to be growing faster now than ever before. 

It was also possible to measure the cul- 
tural influence of individual people across the 
centuries. For example, notes Pinker, track- 
ing the ebb and flow of “Sigmund Freud” and 
“Charles Darwin” reveals an ongoing intel- 
lectual shift: Freud has been losing ground, 
and Darwin finally overtook him in 2005. 

Analysis of the n-gram database can also 
reveal patterns that have escaped the atten- 
tion of historians. Aviva Presser Aiden led an 
analysis of the names of people that appear 
in German books in the first half of the 20th 
century. (She is a medical student at Har- 
vard and the wife of Erez Lieberman Aiden.) 
A large number of artists and academics of 
this era are known to have been censored dur- 
ing the Nazi period, for being either Jewish 


frustration. If the available tools can be 
expanded beyond word frequency, “it could 
become extremely useful,” says Geoffrey 
Nunberg, a linguist at the University of 
California, Berkeley. “But calling it ‘cul- 
turomics’ is arrogant.” Nunberg dismisses 
most of the study’s analyses as “almost 
embarrassingly crude.” 

Although he applauds the current study, 
Dames has a score of other analyses he would 
like to perform on the Google Books corpus 
that are not yet possible with the n-gram data- 
base. For example, a search of the words in 
the vicinity of “God” could reveal “seman- 
tic shifts” over history, Dames says. But the 
current database only reveals the five-word 
neighborhood around any given term. 

Orwant says that both the available data 
and analytical tools will expand: “We’re 
going to make this as open-source as pos- 
sible.” With the study’s publication, Google 
is releasing the n-gram database for pub- 
lic use. The current version is available at 
www.culturomics.org. 

-JOHN BOHANNON 
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U.S. SCIENCE POLICY 


Leaving Congress, Physicist 
Bill Foster Calls for Reinforcements 


A month after losing his seat in the U.S. 
House of Representatives, physicist-turned- 
lawmaker Bill Foster has a parting message 
for his fellow scientists: Replace me in Con- 
gress. And he’s eager to help them do it. 

Foster, 55, is a Democrat from an Illinois 
district that includes the Fermi National Accel- 
erator Laboratory, where he spent 22 years as 
an experimental physicist. In 2006, he decided 
to “try to do something” about what he saw as 
“poor decisions” by Washington politicians. 
In March 2008, he was the surprise winner 
in a special election held to replace former 
Speaker Dennis Hastert, a Republican who 
retired a year after the Democrats won control 
of the House in November 2006. 

Foster’s allies portrayed him as an anti- 
politician with business savvy—he started 
and ran a successful company making light- 
ing equipment. But after winning a full term 
in November 2008, his support for the pres- 
ident’s $800 billion stimulus package and 
health care reform bill put him at odds with 
his traditionally conservative district. On 
2 November, he lost 51% to 45% to Repub- 
lican Randy Hultgren, a state legislator and 
lawyer who lambasted “Bill’s boondoggle.” 
The high unemployment rate doomed him, 
Foster says: “People were looking for some- 
one to blame.” 

Despite his defeat, Foster thinks his sci- 
entific training helped him as a legislator. 
He pushed his staff to delve into the details 
of policy issues, polling data, and even get- 
out-the-vote efforts on Election Day, recalls 
Thomas Bowen, a former aide. “As chief of 
staff, I was always forced to ‘show my work,’”” 
says Bowen. During the yearlong debate over 
health care, Foster says, he would call experts 
to chase down numbers “that seemed fishy.” 

“An engineer or scientist can cut through 
the sound-bite level of debate that is com- 
mon in politics,” says Foster. That skill was 
especially useful in scrutinizing the complex 
financial products, many designed by scien- 
tists, whose failure contributed to the melt- 
down on Wall Street. “It takes a physicist 
to unwind what physicists did to structured 
finance,” he says. 

Using his perch on the House Commit- 
tee on Financial Services, Foster persuaded 
colleagues to include six amendments in the 
Dodd-Frank financial reform bill passed ear- 
lier this year, including studies on derivatives 
and steps to compel banks to act less reck- 
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lessly. Even so, his colleagues declined to 
adopt one idea that grew out of his years as 
an experimental physicist: a rule that com- 
plex derivatives—often spelled out in reams 
of legalese—be expressed as algorithms so 
that their possible impacts could be modeled 
on computers. The approach, he says, would 
mirror “very sophisticated software tools that 
get shared across experiments.” 

The need for more legislators with sci- 


“More than 80% of the people 
running China are engineers, 
and you see it in their [economic] 


behavior.” 
—REPRESENTATIVE BILL FOSTER 


entific backgrounds—‘More than 80% of 
the people running China are engineers, 
and you see it in their [economic] behavior,” 
Foster says—may even serve as the basis 
for the next stage of his career. “One of the 
things I’ve been contemplating [launching] 
is called Albert’s list,’ he says. (The name 
comes from arguably the greatest physi- 
cist of all time.) It would be modeled on 
EMILY’s List, the successful pro-choice polit- 
ical action committee formed in 1985, and it 
would go where previous efforts to get scien- 
tists politically involved have feared to tread. 
Scientists and Engineers for America 


Training camp. Bill Foster wants 
to start an organization to help 
scientists run for office. 
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“never actively recruited and developed candi- 
dates the way EMILY’s List does,” Foster says 
about SEA, which has conducted workshops 
and offered fellowships since being formed in 
2004. “EMILY’s List very consciously iden- 
tifies promising candidates, trains them, and 
gives them [help in] public fundraising.” 

One issue that must be resolved before 
any organization is created, Foster says, 
is whether to make the group partisan. 
“TAnother is] whether you concentrate on 
only federal candidates or work on a state- 
by-state basis, or whether you recruit peo- 
ple to go into the federal bureaucracy.” Then 
there’s the question of applying a scientific 
litmus test. “You could imagine insisting, or 
not, that they have a science-based attitude 
about climate change, or, more controver- 
sially, about evolution,” he says. 

What type of person is Foster hoping 
to attract? Potential recruits would have to 
decide “what fraction of your life you should 
spend serving your fellow man,” he says. And 
he thinks the best candidates would “have a 
sincere desire to serve and not to become 
famous. Voters detect that very rapidly.” 

As for his own political aspirations, there’s 
talk that a Democratic-controlled state legis- 
lature in Illinois could create a congressional 
district next year that would be more compat- 
ible with Foster’s liberal views. “It’s way too 
early to think about that,” he says. But Bowen 
thinks it could happen. “This may not be the 
last we hear from Bill Foster,” he says. 

If Albert’s List becomes a reality, Foster 
could return to a Congress with more mem- 
bers who are scientists—and one that is more 
capable of dealing with an increasingly 
complex world. -ELI KINTISCH 
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CANCER SCREENING 


Genetic Analysis Points the Way to 
Individualized PSA Tests 


In cancer research, one never-ending quest 
is the hunt for biomarkers, proteins in the 
blood that reveal tumors deep in the body. 
The goal is to find a reliable predictor that 
enables early diagnosis and better treatment 
of disease. Most biomarkers identified so 
far have been disappointing, but millions 
of men are tested for one of them: PSA, or 
prostate-specific antigen, which cells in the 
prostate gland churn out at higher levels 
when cancer is present. 

But some men with high PSA levels 
don’t have the disease, leading to unnec- 
essary biopsies, and some with low PSA 
levels do. PSA testing is routine in some 
places, yet large clinical trials in the United 
States and Europe are questioning how big 
an impact it has on reducing cancer deaths. 
This week, a group in Iceland suggests a 
new way to assess PSA results: Acknowl- 
edge that under normal circumstances some 
men produce more (and some produce less) 
PSA, and individualize healthy and high 
levels for each man tested by focusing on 
genetic variants that affect PSA levels. 

“Let’s say that a PSA level of 4 is consid- 
ered worrisome,” says William Catalona of 
Northwestern University Feinberg School 
of Medicine in Chicago, Illinois. He devel- 
oped the original PSA test 
and is a co-author of the new 
work, published in Science 
Translational Medicine. “You 
might be able to take some- 
thing like a tongue depressor 


and scrape a man’s cheek,” e~.. 
and with DNA testing “you o< 
might find out this man is a < 
high PSA secretor” normally, < 


reducing concern. 

The researchers on the PSA 
study, led by geneticists Julius 
Gudmundsson and Kari Ste- 
fansson of deCODE Genetics 
in Reykjavik, began by scan- 
ning the genomes of about 
16,000 men to identify places 
in the genome that modify 
the PSA level in blood. They 


Adjustable baseline. A man’s 
genes affect normal PSA levels. The 
border marking the danger zone for 
cancer risk (dotted line) may shift, 
depending on an individual's DNA. 


found six, including three that were previ- 
ously identified. Then the group compared 
more than 5000 men with prostate cancer 
and 41,000 without. They assessed whether 
variants at the six sites modified PSA and 
prostate cancer risk. Although it’s difficult 
to disentangle genetic effects on PSA lev- 


“Basically what we're talking 
about is changing the parameters 


of detection of disease.” 


—RICHARD HAYES, 
NEW YORK UNIVERSITY 


els from those on prostate cancer risk, the 
researchers concluded that two of the vari- 
ants influenced only PSA levels and two 
others had only a marginal effect on cancer, 
making all four useful for testing. 

PSA levels for the men in the study var- 
ied widely. The key was whether genetic 
analysis would shift the men into differ- 
ent categories—for example, whether a 
man whose PSA level might merit a pros- 
tate biopsy would escape biopsy once his 
genes were taken into account. The numbers 
here were modest: About 6% 
had their PSA measurement 
reclassified as either safe or 
unsafe based on their genet- 
ics. “Basically what we’re 
talking about is changing the 
parameters of detection of dis- 
ease,” says Richard Hayes, an 
epidemiologist at New York 
University who has studied 
some of these gene variants. 
In theory, the approach could 
be applied to biomarkers for 
other cancers, too, making 
them more precise and more 
clinically useful. 

The study looked back 
S< — in time, so the genes didn’t 
Ss influence health care deci- 

y) sions. And Hayes and oth- 
ers agree that although the 
concept of using genetics to 

make PSA tests more mean- 
ingful holds promise, these 
specific variants aren’t ready 

for prime time. The finding 


“is a good start, but it’s not sufficient to 
introduce this extensive genetic screening 
to everybody,” says Fritz Schréder, a urolo- 
gist at Erasmus Medical Center in Rotter- 
dam, the Netherlands. 

A valid gene-based PSA analysis could 
help, Stefansson claims, by, for example, 
enabling some men with high PSA results to 
avoid a biopsy. But genetic analysis cannot 
yet be used to tackle a different puzzle: Many 
men with high PSA results do have cancer but 
an “indolent” form that grows so slowly that 
it’s unlikely to kill them if left untreated. 

There is currently no way to distin- 
guish the men at high risk of dying from 
their prostate cancer from those with a 
minimal risk of dying. The deCODE study 
didn’t examine whether adding genetics to 
the mix could help reduce mortality. The 
deCODE group and others now need to 
examine “how many people they can help,” 
says Stacy Loeb, chief resident in urology 
at Johns Hopkins University in Baltimore, 
Maryland, who has studied PSA genetics. 

Two large U.S. and European clinical 
trials underscore this need. Both trials ran- 
domly assigned tens of thousands of men 
to get regular PSA testing, or not, and then 
followed them to see who developed pros- 
tate cancer and who died of it. Last year in 
The New England Journal of Medicine, the 
U.S. study reported no difference in mor- 
tality between the group that had regular 
PSA screening and the one that did not. 
The European team, led by Schréder, found 
that those who got PSA screening were 
20% more likely to survive prostate cancer. 
Schréder attributes the contrasting results 
to different study designs; both groups are 
continuing to follow the men. 

Meanwhile, PSA testing is in flux. Ear- 
lier this month, a cancer screening commit- 
tee in the United Kingdom advised against 
routine PSA testing, citing concerns about 
overdiagnosis of slow-moving cancers. 
In other European countries, the popular- 
ity of PSA testing varies, says Schroder. It 
remains routine in the United States. 

“I’m reluctant to make any predictions” 
about how PSA genetics might help guide 
early detection of prostate cancer, says 
Stephen Chanock, chief of the laboratory of 
translational genomics at the National Can- 
cer Institute in Bethesda, Maryland, who 
works in this area. While he commends the 
deCODE group for pushing the ball for- 
ward, he says, “one really would want to see 
further confirmation and precision” in the 
number of men affected by these gene vari- 
ants and the effect each variant has on PSA. 

—JENNIFER COUZIN-FRANKEL 
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The Top 10 ScienceNOWs of 2010 


Here’s a look back at some of our favorite and most popular stories of 
the year. As in previous years, the 2010 batch is an eclectic mix. And it 
contains something special: our most popular story of all time. 


THE SECRET 
OF TURTLE ISLAND 


/ In the Mediterranean Sea 
off the coast of Libya, 

there’s an area local fish- 
ermen call “Turtle Island.” It’s real 
enough, but you'd be foolish to 
try to set foot on it. That’s because 
it’s composed of groups of logger- 
head turtles. Biologists think they 
now know why the reptiles cluster 
like this. 


SUPERACCURATE CLOCKS 
CONFIRM YOUR HAIR IS AGING 
FASTER THAN YOUR TOENAILS 

According to Einstein's 
Q) theory of relativity, a clock 

on the floor ought to run 
very slightly slower than an identical 
one on top of a step stool because 
the lower clock nestles deeper into 
Earth’s gravitational field. Now, 
physicists have demonstrated this 
effect using two superaccurate 
clocks and hoisting one several centi- 
meters above the other. It’s the first 
time scientists have used clocks to 
show that time flies faster for your 
nose than for your navel. 


THE SHOCKING TRUTH 
ABOUT RUNNING SHOES > 


Haile Gebrselassie, the 
world’s fastest marathoner, 
once said of his early 


career, “When | wore shoes, it was 
difficult.” A new study reveals why: 
Humans run differently in bare feet. 
Researchers have discovered that 
sneakers and other sports shoes 
alter our natural gait, which nor- 


mally protects us from the impact 
of running. The finding offers new 
insight on how early humans ran 
and raises concerns that sports 
shoes may promote more injuries 
than they prevent. 


HOW TO TRAIN YOUR ROBOT 
(TO LIE) 
Just what the world needs: 
@) lying robots. Well, at least 
these guys don’t look 
dangerous. Researchers have pro- 
grammed small machines to trick 
each other—the first time scientists 
have deliberately implanted deceit. 


THE SPIKY PENIS GETS THE GIRL 


When it came to insect 
(6) penises, Charles Darwin 
had it right. The famed 
naturalist suspected that insect 


genitalia, which are frequently fes- 
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tooned with bizarre combinations of 
hooks, spines, and knobs, essentially 
functioned like peacock tails. That 
is, they helped males beat out their 
rivals for females. Now, researchers 
have confirmed this hypothesis by 
zapping fly penises with a laser. 


TINY ‘FLYING SAUCERS’ COULD 
SAVE EARTH FROM GLOBAL 
WARMING 


Geoengineering—the 
G) concept of tinkering with 

the atmosphere to curb 
climate change—has seen some 
wacky ideas. But this may be the 
most bizarre of them all. Using a 
trick of sunlight itself, a researcher 
says tiny metallic disks could be 
levitated to the stratosphere, where 
they would shade Earth's surface 
and counteract the effects of global 
warming. 


IS YOUR DOG PESSIMISTIC? 
; Why do dogs yowl when 
their owners leave home? 
According to this study, it’s 
because they‘re down on life. The 


finding could help owners find ways 
to improve their dogs’ mood. 


17 DECEMBER 2010 


Published by AAAS 


OIL DROP NAVIGATES 
COMPLEX MAZE 
Here’s an ego crusher for 


G3) mice. Scientists have found 

a way to make simple drop- 
lets of oil navigate complex laby- 
rinths with the same skill as labo- 
ratory rodents. The advance could 
help researchers devise better ways 
to solve other mazelike problems, 
from rooting out cancer in the body 
to mapping paths through traffic 
jams. 


THESE DANCE MOVES 
ARE IRRESISTIBLE 


Hey, guys, want to impress 
Q) ladies on the dance floor? 

Keep your head and torso 
moving and don’t flail your arms 
and legs. This useful advice comes 
courtesy of a new study, which finds 
that women are more attracted to 


computer avatars that rock these 
moves. 


... AND THE TOP 
(1) SCIENCENOW OF 

2010—AND THE MOST 
POPULAR OF ALL TIME—IS ... 
Here's a hint: 


Go to http://scim.ag/top10-2010 
to find out the answer. 


Daily postings, comments, and 
more are available at http://news. 
sciencemag.org/sciencenow. 
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BREAKTHROUGH OF THEYEAR 


The First 


Quantum Machine 


A humanmade object that moves in ways that can be described only by 
quantum mechanics might lead to tests of our notion of reality 


IT MAY NOT PROVE AS HANDY AS THE 
Model T, but, conceptually, a tiny machine 
unveiled this year blows the doors off 
Henry Ford’s famous car or any other previ- 
ous machine. Until now, all machines have 
moved according to the not-surprising laws 
of classical mechanics, which govern the 
motion of everyday objects. In contrast, the 
new gizmo jiggles in ways explicable only 
by the weird rules of quantum mechanics, 
which ordinarily govern molecules, 
atoms, and subatomic particles. The 
proto-quantum machine opens the 
way to myriad experimental devices 
and perhaps tests of our sense of real- 
ity. That potential and the ingenuity 
of the experiment make it the Break- 
through of the Year. 

Thanks to quantum mechanics, the 
realm of the extremely small looks 
nothing like our everyday world. 
Quantum theory dictates that a very 
tiny thing can absorb energy only in 
discrete amounts, can never sit per- 
fectly still, and can literally be in 
two places at once. Scientists have 
observed such quantum effects and 
weirder ones in countless experiments 
with atoms, molecules, subatomic 
particles, light, electric currents, and even liq- 
uid helium. But nobody had seen such effects 
in the motion of a humanmade object. 

Not that physicists weren’t try- 
ing. Researchers have fashioned 
tiny beams of semiconductor 
nanometers wide and micrometers 
long. Such a beam, or “oscilla- 
tor,” will vibrate at a set frequency 
like a guitar string, and according 
to quantum theory, it can absorb 
or emit energy only in dollops or 
quanta whose size is proportional 
to the beam’s frequency. To see 
such effects, physicists first have 
to suck out every possible quantum and 
leave a beam in its least-energetic “ground 
state.” Even then, a beam can’t stand per- 
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fectly still, as quantum uncertainty requires 
it to hold an irretrievable half-quantum of 
energy and dance with unquenchable “zero- 
point motion.” 

To reach the ground state, physicists 
had to cool their beams to nearly absolute 
zero. They also had to make the quanta as 
large as possible by making a beam stiffer to 
increase its frequency. But that also reduces 
the amplitude of the motion, making it 


Springboard. Scientists achieved the simplest quantum states of 
motion with this vibrating device, which is as long as a hair is wide. 


harder to detect. So several teams are using 
laser light or microwaves to cool a beam and 
detect its motion, getting them within a few 
quanta of the promised land. 

A team of American physi- 
cists found a quicker route, as 
they reported in March. Instead 
of a beam, they fashioned a 
tiny diving board of aluminum 
nitride plated with aluminum 
that vibrated by getting thinner 
and thicker. As the doohickey 
hummed away at a very high 
frequency—a whopping 6 bil- 
lion cycles per second—the 
“piezoelectric” material in it produced 
a warbling electric field that was easy to 
detect. Most important, through that field, 


the physicists managed to “couple” the 
mechanical device to an electronic one 
called a “phase qubit,” a ring of super- 
conductor that itself has one low-energy 
and one high-energy quantum state. 

Manipulating the qubit with microwaves, 
the researchers could use it to feed energy 
quanta into the oscillator or pull them out of 
it, as one might use an ATM to deposit a $20 
bill to a bank account or withdraw one. First 
they showed that when they cooled the oscil- 
lator to a few hundredths of a degree they 
could get no quanta out of it. That meant 
it had to be in the cashed-out ground state, 
jiggling with only zero-point motion. The 
researchers then put the oscillator in a state 
with exactly one more quantum of energy. 
They even coaxed it into both states at once, 
so that it was literally moving two different 
amounts simultaneously. 

The ingenuity in this scheme lay in 
the design of the oscillator and the use 
of a qubit to control it. In fact, in 2009, 
the team used a phase qubit to feed quanta 
into a long strip of superconducting 
metal that would ring with micro- 
waves much as an organ pipe rings 
with sounds. Once they worked the 
kinks out, they replaced the micro- 
wave cavity with their clever mechan- 
ical oscillator, a move that had other 
physicists slapping their foreheads 
for not having seen it coming. 

What use is it? In basic research, 
simple quantum machines might 
make ultrasensitive force detectors or 
serve to generate quantum states of 
light. Most grandly, they might help 
test the bounds of quantum theory 
and our sense of reality. Why can’t 
a car or a person be in two slightly 
different places at once? Does some 
principle forbid it? One way to find 
out would be to try to put ever larger things 
in such states. 

Such a test of quantum mechanics is a 
long way off. Still, other groups are already 
working toward quantum control of the 
motion of human-scale objects. In fact, after 
it is upgraded over the next 5 years, the Laser 
Interferometer Gravitational-Wave Obser- 
vatory, which has sites in Livingston, Loui- 
siana, and Hanford, Washington, will feature 
pairs of 40-kilogram mirrors laser-cooled to 
their ground states of motion, which may 
give physicists an opportunity to attempt an 
experiment on a very large scale. 

But first, physicists had to achieve a 
quantum state of motion for a mechanical 
object. And in 2010 they did just that. 

-ADRIAN CHO 
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THE RUNNERS-UP >> 
Build Your Own Genome 


A technical tour de force grabbed headlines around the world for 
synthetic biology this year. In what was hailed as a defining moment 
for biology and for biotechnology, researchers at the J. Craig Venter 
Institute (JCVI) in Rockville, Maryland, and San Diego, California, 
built a synthetic genome and inserted it into a bacterium in place of 
the organism’s original DNA. The new genome caused the bacte- 
rium to produce a new set of proteins. 

The synthetic genome was an almost identical copy of a natural 
genome, but ultimately, researchers envision synthetic genomes cus- 
tom-designed to produce biofuels, pharmaceuticals, or other useful 
chemicals. Also this year, researchers at Harvard University improved 
their high-throughput method of modifying existing genomes for 
such purposes, and other synthetic biologists showed that RNA- 
based “switches” can get cells to behave differently in response to 
certain signals. 

J. Craig Venter and 
his team built its $40 
million genome from 
smaller pieces of store- 
bought DNA. First they 
stitched the synthetic 
DNA together in stages 
in yeast; then they trans- 
planted it into a bacte- 
rium, where it replaced 
the native genome. 

Although not truly 
artificial life,’ as some 
media declared, this 
success prompted a con- 
gressional hearing and a 
review by a presidential 
commission on the eth- 
ics of synthetic biology. 

It’s far from the 
only synthetic biology 
game in town, however. 
In 2009, Harvard’s George Church introduced a technique called 
multiplex genome engineering, which adds multiple strands of 
DNA to bacteria every couple of hours, rapidly generating geneti- 
cally engineered organisms with extensively revamped genomes. 
This year, his team came up with a cheaper way to produce the 
DNA strands used to modify the genome, in hopes of making this 
approach cost-effective for industrial use. 

Teams led by Caltech’s Niles Pierce, Stanford University’s 
Christina Smolke, and Boston University’s James Collins have 
come up with ways to change a cell’s behavior by modifying its reg- 
ulatory pathways. In some cases, they add specially designed RNA 
molecules that can sense molecules in the cell associated with, say, 
cancer or inflammation. Once that happens, they cause the cell to 
produce a protein that may sensitize the cell to drugs or cause it to 
undergo programmed cell death. Another team made a riboswitch 
that caused bacteria to seek out and destroy the herbicide atrazine. 
Such devices are much closer than synthetic and modified genomes 
to having practical applications. 


“ce 


Life recreated. Scanning electron microscope 
image of bacteria with synthetic genomes. 


www.sciencemag.org SCIENCE 


BREAKTHROUGH OF THEVEAR | NEWSFOCUS be 


In the DNA. Somesliving humans 
may have Neandertal ancestors. 


Reading the 
Neandertal Genome 


Thirteen years ago, when researchers sequenced just a few snippets 
of mitochondrial DNA from a Neandertal, the breakthrough made 
headlines worldwide. This year, researchers published a draft of the 
Neandertal nuclear genome—and their first analysis of what these 
3 billion bases of DNA reveal about the evolution of these extinct 
humans and us. 

Using new methods to sequence degraded fragments of ancient 
DNA (see “Insights of the Decade,” p. 1616), researchers spliced 
together a composite sequence from three female Neandertals who 
lived in Croatia 38,000 to 44,000 years ago, to reconstruct about 
two-thirds of the entire Neandertal genome. For the first time, sci- 
entists could compare in detail the genomes of Neandertals and of 
modern humans. 

Reading this sequence, the researchers concluded that modern 
Europeans and Asians—but not Africans—have inherited between 
1% and 4% of their genes from Neandertals. Apparently, Neandertals 
interbred with modern humans after they left Africa at least 80,000 
years ago but before they spread into Europe and Asia. If correct, 
this stunning discovery challenges a model that says that as modern 
humans swept out of Africa, they completely replaced archaic humans 
such as Neandertals without interbreeding. 

The Neandertal genome also gives researchers a powerful new 
tool to fish for genes that have evolved recently in humans, since they 
split from Neandertals. The catalog includes 78 differences in genes 
that encode proteins that are important for wound healing, the beat- 
ing of sperm flagella, and gene transcription. Several encode proteins 
expressed in the skin, sweat glands, and inner sheaths of hair roots, 
as well as skin pigmentation—all differences that reflect adaptations 
to new climates and environments as modern humans spread around 
the globe. 

The researchers have also identified 15 regions of interest that differ 
between humans and Neandertals, including genes that are important 
in cognitive and skeletal development. When mutated in humans, some 
of these genes contribute to diseases such as schizophrenia, Down syn- 
drome, and autism, or to skeletal abnormalities such as misshapen 
clavicles and a bell-shaped rib cage. 

As researchers close in on the few genes that separate us from 
Neandertals, they are also trying to decipher how differences in genetic 
code alter proteins produced in the lab. This year, scientists inserted 11 
pairs of single peptides into eukaryote cells to test for differences in 
gene expression. With luck, they may pinpoint some of the genes that 
equipped us to survive while Neandertals went extinct. 
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Next-Generation 
Genomics 


Genomics researchers savored the fruits 
of massively parallel sequencing in 2010. 
Cheaper, faster “next generation” machines 
have taken hold over the past 5 years; this 
year they yielded important results from 
several large projects. 

One ambitious effort, the 1000 Genomes 
Project, seeks to find all single-base 
differences—or single-nucleotide polymor- 
phisms (SNPs)—present in at least 1% of 
humans. It completed three pilot studies this 
year, which together identified 15 million 
SNPs—including 8.5 million novel ones. 
The information will help scientists track 
down mutations that cause diseases. 

Researchers also finished cataloging all 
the functional elements in the genomes of 
the fruit fly Drosophila melanogaster and 
the nematode Caenorhabditis elegans; the 
results are expected to be published by year’s 
end. In human DNA, the complete genome 
sequences of two Africans from hunter- 
gatherer tribes, the oldest known lineages 
of modern humans, confirmed the exten- 
sive genetic diversity within those groups. 
Researchers also produced a draft of the 
Neandertal genome (see p. 1605) and deci- 
phered the genome from 4000-year-old hair 
preserved in Greenland’s permafrost. 

The cornucopia of results also included 
surveys of all the transcribed DNA—the 
so-called transcriptome—and of protein- 
DNA interactions, as well as assessments 
of gene expression and the identification of 
rare disease genes. 


Souped-Up Cellular 
Reprogramming 


Changing a cell’s fate by adding extra cop- 
ies of a few genes has become routine in 
labs around the world. The technique, 
known as cellular reprogramming, allows 
scientists to turn back a cell’s develop- 
mental clock, making adult cells behave 
like embryonic stem cells (see “Insights 
of the Decade,” p. 1612). The resulting 
induced pluripotent stem cells (iPSCs) 
are helping scientists to study a variety of 
diseases and may someday help to treat 
patients by supplying them with genetically 
matched replacement cells. 

This year, scientists found a way to make 
reprogramming even easier using syn- 


thetic RNA molecules. The synthetic RNAs 
are designed to elude the cell’s antiviral 
defenses, which usually attack foreign RNA. 
The technique is twice as fast and 100 times 
as efficient as standard techniques. And 
because the RNA quickly breaks down, the 
reprogrammed cells are genetically identical 
to the source cells, making them potentially 
safer for use in therapies. 

Early evidence suggests that the RNA 
approach reprograms the cell more thor- 
oughly than other methods do, yielding a 
closer match to embryonic stem cells. The 
method can also prompt cells to become 
nonembryonic cell types. By inserting syn- 
thetic RNA into a cell that codes for a key 
gene in muscle tissue, for example, the 
researchers could turn both fibroblasts and 
iPSCs into muscle cells. 


Homing In on 
Errant Genes 


Scientists who study rare genetic disorders 
hit on a powerful strategy for finding the cul- 
prit DNA this year. Using cheap sequencing 
techniques and a shortcut—sequencing just 
the 1% of the genome that tells cells how to 
build proteins—they cracked several dis- 
eases that had eluded researchers until now. 
The old way to track down the cause of 
Mendelian disorders, or diseases caused by 
a mutation in a single gene, was to study 
DNA inheritance patterns in families. That 
approach doesn’t work when few relatives 
with the disease can be found or when a 


mutation isn’t inherited but instead crops up 
spontaneously. 

In late 2009, geneticists began sequenc- 
ing just the exons, or protein-coding DNA, 
of patients with Mendelian disorders. (A 
few teams sequenced the patients’ entire 
genome.) This “exome” sequencing yielded 
a long list of mutations that the scientists then 
winnowed, for example, by ignoring those 
that don’t change protein structure or that 
many people carry. The end result: the faulty 
DNA underlying at least a dozen mystery 
diseases—including genes that lead to severe 
brain malformations, very low cholesterol 
levels, and facial deformities that look like a 
made-up Japanese Kabuki performer. 

Finding the gene behind a rare disease 
can lead to better diagnosis and treatments 
and to new insights into human biology. 
Scientists hope to use exome sequencing 
to tick off the causes of more than half of 
some 7000 known or suspected Mende- 
lian diseases that still don’t have a genetic 
explanation. 
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Quantum Simulators 
Pass First Key Test 


Like a student who sneaks a calculator into 
a test, physicists have found a quick way to 
solve tough mathematical problems. This 
year, they showed that quantum simulators— 
typically, simulated crystals in which spots of 
laser light play the role of the crystal’s ions and 
atoms trapped in the spots of light play the role 
of electrons—can quickly solve problems in 
condensed-matter physics. 

Physicists usually invent theoretical mod- 


els to explain experi- 
ments. They might 
approximate a mag- 
netic crystal as a 
three-dimensional 
array of points with 
electrons on the 
points interacting through their magnetic 
fields. Theorists can jot down a mathematical 
function called a Hamiltonian encoding such 
an idealization. But “solving” a Hamiltonian 
to reveal how a system behaves—for example, 
under what conditions the electrons align to 
magnetize the crystal—can be daunting. 
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Molecular Dynamics 
Simulations 


Sometimes brute force is the way to go, par- 
ticularly when using computers to simulate 
the gyrations proteins make as they fold. Such 
simulations are a combinatorial nightmare. 
Each two neighboring amino acids in a protein 
chain can bind to one another at two different 
angles, each of which can have three confor- 
mations. So a simple protein with 100 amino 
acids can fold in 3'"* different ways. Getting at 
the atomic detail is even scarier. Proteins sort 
through all these possibilities in milliseconds 
or less. Computers take far longer. 
Protein-folding experts have long turned 
to supercomputers for help. But even these 
behemoths struggle to track the motions long 
enough to simulate the complete folding pro- 
cess. Two years ago, researchers in the United 
States unveiled a new supercomputer hard- 
wired with 512 computer chips tailor-made 
to speed the calculations of the way neigh- 
boring atoms in a protein and the surround- 
ing water interact. That enabled them to gain 
another burst in speed. As a result, the group 
reported this year that they’ve been able to 
track the motion of atoms in a small protein 
100 times longer than previous efforts could 
do—long enough to see the protein wind its 
way through 15 cycles of folding and unfold- 
ing. Next up, the group is already turning to 
novel machines with 1024 and 2048 chips to 
improve simulations of larger proteins. 
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However, physicists can tailor a quantum 
simulator to a particular Hamiltonian and let 
the experiment solve the theoretical problem. 
Five groups reproduced the results for four 
previously solved Hamiltonians. Three even 
mapped “phase diagrams” akin to the one 
that shows the temperatures and pressures at 
which water becomes a gas, liquid, or solid. 

Physicists hope quantum simulators 
will crack Hamiltonians that have not been 
solved—such as one for high-temperature 
superconductors. But first they had to show 
that the things could reproduce known results. 
Check. 
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Rats Redux 


Today, most lab cages house mice, but the 
tenant of choice used to be rats. The reason: 
Rats are more like us. The human heart, for 
example, beats about 70 times a minute; a 
rat’s heart, 300 times; a mouse’s, 700. Electri- 
cal signal patterns in rat and human hearts are 
also similar. Rats, being more intelligent than 
mice, might also be better models of human 
neural diseases such as Alzheimer’s and Par- 
kinson’s. And rats are bigger and easier to 
handle for lab work. 

Then, in 1989, researchers learned to delete 
specific genes to make “knockout mice.” 
The technique they used, called homologous 
recombination of embryonic stem cells, didn’t 
work in rats. So mice became the preferred 


experimental animal in various studies, from 
developmental biology to drug development. 

That too may pass. In 2009, researchers 
adapted to rats a method, previously used in 
fruit flies and zebrafish, that uses enzymes 
called zinc fingernucleases to knock out genes. 
In August, another group announced a tweak 
that produced “knockout rats” by the same 
genetic trick used for knockout mice. Also 
this year, several groups reported advances in 
using transposons, DNA sequences that jump 
from one location to another within a genome, 
to generate rats with genetic mutations— 
animals useful for developmental biology 
and disease research. As a result of such tech- 
niques, knockout and genetically modified 
rats may soon displace their smaller cousins 
in lab cages around the world. 
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HIV Prophylaxis 


From the start of the AIDS epidemic through 
2009, only five of 37 large-scale studies that 
attempted to prevent HIV yielded convinc- 
ing, positive results. Then, this past July 
and November, two trials of different, novel 
HIV-prevention strategies unequivocally 
reported success. AIDS researchers all but 
danced with joy. 

The first result stole the show at the jam- 
packed XVIII International AIDS Confer- 
ence held in Vienna, Austria. A vaginal gel 
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that contains the anti-HIV drug tenofovir 
reduced HIV infections in high-risk women 
by 39% over a 30-month period. Nearly 900 
South African women participated in the 
study, half receiving the microbicide and the 
others an inert gel. Among “high adherers,” 
women who used the microbicide exactly as 
instructed, its efficacy reached 54%. 

Last month, the first-ever study of oral 
pre-exposure prophylaxis made headlines 
with results even more encouraging. The sub- 
jects, 2499 men and transgender women who 
have sex with men, were recruited from six 
countries. Half were asked to take Truvada, 
a combination of tenofovir and emtricitabine, 
each day. After an average of 1.2 years, the 
treated group had 43.8% fewer infections 
than the group that took a placebo. Again, 
better adherence equaled better efficacy: In 
a small substudy, efficacy increased to 92% 
in participants who had measurable levels of 
Truvada in their blood. 

Neither approach is a magic bullet, AIDS 
researchers say. But in combination with 
other measures, they could usher in a new 
era of HIV prevention. 
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Diving Into the Oil Spill 


During the massive, 3-month oil spill in the Gulf of Mexico this 
year, scientists were quick to offer help. It wasn’t always easy. Many 
researchers in the region at first felt unwanted; there were rough 
patches in coordinating academic and government scientists; and 
clashes over when to release data sometimes sent the public mixed 
messages. But through improved communication, researchers ulti- 
mately helped devise ways to deal with the leaking well and assessed 
the scale of the spill. 

One early source of confusion was the conflicting estimates of the 
amount of oil flowing from the well. At first, BP estimated 1000 bar- 
rels per day. Academic scientists accused the company of low-balling, 
and a National Oceanic and Atmospheric Administration (NOAA) sci- 
entist studying a video figured the rate was roughly five times higher. 
The resulting scientific debate and public confusion over the flow 
rate—which will be crucial for determining BP’s fine—might have 
been lessened if the various groups had shared their methods and 
data. Eventually, an ad hoc task force of government scientists esti- 
mated the flow at 35,000 to 60,000 barrels per day, a figure made 
more rigorous by sensors added to the wellhead. 

As the oil continued to gush, academic scientists hopped on boats 
and rearranged their research plans to investigate the extent of the 
spill and the damage to wetlands and wildlife. But lack of coordination 
bred tensions, and researchers clashed over when to release prelimi- 
nary data and how much to speculate on their meaning. The highest- 
profile example was the surprise discovery on 15 May of what appeared 
to be oil plumes. When NOAA Administrator Jane Lubchenco tried to 
sound a note of caution about the preliminary results, researchers and 
media blasted her for squelching the discovery (Science, 2 July, p. 22). 
In June, NOAA confirmed the plumes. 

One of the most controversial decisions was to use dispersants to 
keep oil from reaching wetlands and islands. A group of experts con- 
vened to advise the government approved the unprecedented use of 
dispersants at depth, which appears to have worked. 

Overall, the spill appears to have been less of an environmental 
disaster than first feared, at least for the wetlands and barrier islands. 
But it will take years before the toll is fully known, especially for deep- 
sea organisms. A $500 million research fund, set up by BP, will help 
scientists gauge the long-term impact. 

—ERIK STOKSTAD 
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Rating Last Year's Areas to Watch 


IPS CELLS 

Last year, we predicted that 
the ability to reprogram 
adult skin cells into induced plurip- 
otent stem cells (iPSCs) would usher 
in a new wave of research based on 
patient-specific cell lines. In 2010, 
researchers made new cell lines from 
hundreds of patients with dozens 


of disorders. Patient-derived iPSCs, 
which can be coaxed to become vari- 
ous mature cell types, have helped 
scientists better understand Rett syn- 
drome and genetic heart defects, 
among other conditions. But finding 
new treatments for more common 
conditions, say, Parkinson’s disease 
or diabetes, is still a work in progress. 


COSMIC EYE fe 
The Alpha Magnetic Spec- ‘ 
trometer (AMS) particle 
detector didn’t make it into space 
aboard NASA's space shuttle as 
planned, but it had an interest- 
ing year nevertheless. Destined 
for the international space station, 
AMS received a last-minute design 
change in April that delayed its 
launch by 4 months until Novem- 
ber. Then, in July, NASA delayed its 
shuttle schedule for other reasons, 
pushing the launch into 2011. 
AMS is now scheduled to go up on 
1 April. No fooling. 


AREAS T0 WATCH 


THE LARGE HADRON COLLIDER 
The first really interesting results will 
come out of the LHC this year, and 
dollars to doughnuts they'll have 
nothing to do with the search for 
the Higgs boson or supersymmetric 
particles with the collider’s two big 
detectors, ATLAS and CMS. Rather, 
look for results from a smaller detec- 
tor called LHCb, which will study 
familiar particles called B mesons in 
great detail with an eye to probing 
a slight asymmetry between matter 
and antimatter called CP violation. 
CP violation in ordinary B mesons 
seems to conform to physicists’ 
standard theory. This year, however, 
researchers at Fermi National Accel- 
erator Laboratory in Batavia, Illi- 
nois, reported hints that there could 
be extra CP violation in a subspe- 
cies called Bs mesons—a possible 
sign of new particles on the horizon. 
Collecting data at a massive rate, 
LHCb should test those claims in 
short order. 


ADAPTATION GENES 

Ecologists and evolutionary biolo- 
gists are busy harnessing the faster, 
cheaper sequencing technologies 


Published by AAAS 


to learn which genes help organ- 
isms, from bacteria to butterflies, 
thrive in the natural world. Until 
now, such genome scans were very 
difficult to do in organisms that 
weren't also already well studied in 
the lab. But new techniques, such 
as one called RAD tag sequenc- 
ing, should lead to the discovery 
of many more genes contributing 
to adaptation in the coming year. 


LASER FUSION 

The National Ignition Facility (NIF) 
at Lawrence Livermore National 
Laboratory in California will make 
an end run in 2011 for a long- 
sought goal of energy research: 
an ignited fusion burn. Shots from 
NIF’s 192 laser beams will pump 
energy into a peppercorn-sized 
target containing deuterium and 
tritium. The ensuing implosion 
compresses and heats the nuclei 
until they begin to fuse, releasing 
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Diving Into the Oil Spill 


During the massive, 3-month oil spill in the Gulf of Mexico this 
year, scientists were quick to offer help. It wasn’t always easy. Many 
researchers in the region at first felt unwanted; there were rough 
patches in coordinating academic and government scientists; and 
clashes over when to release data sometimes sent the public mixed 
messages. But through improved communication, researchers ulti- 
mately helped devise ways to deal with the leaking well and assessed 
the scale of the spill. 

One early source of confusion was the conflicting estimates of the 
amount of oil flowing from the well. At first, BP estimated 1000 bar- 
rels per day. Academic scientists accused the company of low-balling, 
and a National Oceanic and Atmospheric Administration (NOAA) sci- 
entist studying a video figured the rate was roughly five times higher. 
The resulting scientific debate and public confusion over the flow 
rate—which will be crucial for determining BP’s fine—might have 
been lessened if the various groups had shared their methods and 
data. Eventually, an ad hoc task force of government scientists esti- 
mated the flow at 35,000 to 60,000 barrels per day, a figure made 
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—ERIK STOKSTAD 
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SCORECARD 


Rating Last Year's Areas to Watch 


IPS CELLS 

Last year, we predicted that 
the ability to reprogram 
adult skin cells into induced plurip- 
otent stem cells (iPSCs) would usher 
in a new wave of research based on 
patient-specific cell lines. In 2010, 
researchers made new cell lines from 
hundreds of patients with dozens 


of disorders. Patient-derived iPSCs, 
which can be coaxed to become vari- 
ous mature cell types, have helped 
scientists better understand Rett syn- 
drome and genetic heart defects, 
among other conditions. But finding 
new treatments for more common 
conditions, say, Parkinson’s disease 
or diabetes, is still a work in progress. 


COSMIC EYE fe 
The Alpha Magnetic Spec- ‘ 
trometer (AMS) particle 
detector didn’t make it into space 
aboard NASA's space shuttle as 
planned, but it had an interest- 
ing year nevertheless. Destined 
for the international space station, 
AMS received a last-minute design 
change in April that delayed its 
launch by 4 months until Novem- 
ber. Then, in July, NASA delayed its 
shuttle schedule for other reasons, 
pushing the launch into 2011. 
AMS is now scheduled to go up on 
1 April. No fooling. 


AREAS T0 WATCH 


THE LARGE HADRON COLLIDER 
The first really interesting results will 
come out of the LHC this year, and 
dollars to doughnuts they'll have 
nothing to do with the search for 
the Higgs boson or supersymmetric 
particles with the collider’s two big 
detectors, ATLAS and CMS. Rather, 
look for results from a smaller detec- 
tor called LHCb, which will study 
familiar particles called B mesons in 
great detail with an eye to probing 
a slight asymmetry between matter 
and antimatter called CP violation. 
CP violation in ordinary B mesons 
seems to conform to physicists’ 
standard theory. This year, however, 
researchers at Fermi National Accel- 
erator Laboratory in Batavia, Illi- 
nois, reported hints that there could 
be extra CP violation in a subspe- 
cies called Bs mesons—a possible 
sign of new particles on the horizon. 
Collecting data at a massive rate, 
LHCb should test those claims in 
short order. 


ADAPTATION GENES 

Ecologists and evolutionary biolo- 
gists are busy harnessing the faster, 
cheaper sequencing technologies 


Published by AAAS 


to learn which genes help organ- 
isms, from bacteria to butterflies, 
thrive in the natural world. Until 
now, such genome scans were very 
difficult to do in organisms that 
weren't also already well studied in 
the lab. But new techniques, such 
as one called RAD tag sequenc- 
ing, should lead to the discovery 
of many more genes contributing 
to adaptation in the coming year. 


LASER FUSION 

The National Ignition Facility (NIF) 
at Lawrence Livermore National 
Laboratory in California will make 
an end run in 2011 for a long- 
sought goal of energy research: 
an ignited fusion burn. Shots from 
NIF’s 192 laser beams will pump 
energy into a peppercorn-sized 
target containing deuterium and 
tritium. The ensuing implosion 
compresses and heats the nuclei 
until they begin to fuse, releasing 
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EXOME STUDIES A \ 
This new way of gene \°y 
hunting—sequencing just 
protein-coding DNA—revealed the 
errant DNA underlying a dozen or 
so rare diseases (see Runner-Up, 
p. 1606). But exome sequencing 
hasn't yet found the elusive muta- 
tions that geneticists hope will 
explain much of the missing herita- 
bility for common disorders, such as 
Alzheimer’s disease, diabetes, and 
heart disease. These studies require 
thousands of patients’ exomes, and 
at year’s end, researchers were still 
collecting data and analyzing their 


results. 
BIOCHEMISTRY BEATS fe . 
CANCER? eg 


Safety has been the stum- 

bling block for treatments that tam- 
per with cancer metabolism. But this 
year, a preliminary trial gave the 
compound dichloroacetate a pass- 
ing grade. Researchers also exposed 


new metabolic eccentricities of can- 
cer cells that might inspire fresh 
avenues of attack. 


HUMAN SPACEFLIGHT / \ 
As forecast, President ' 
Obama set a new direc- 

tion for the U.S. space program. But 
the plan drew fire from Congress, 
which eventually accepted it only 
in part. Obama wanted to scrap the 
Bush Administration's $3.5-billion- 
a-year Constellation program and 
invest $3.3 billion over the next 
3 years in the development of com- 
mercial spacecraft. In an authori- 
zation measure, Congress allowed 
NASA to spend $1.3 billion on com- 
mercial spacecraft development and 
required that the agency start build- 
ing a heavy-lift rocket next year, 
instead of after 2015, as Obama 
had proposed. Congress also gave 
the space shuttle one more flight 
next year, instead of retiring it in 
2010. 
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energy. If that self-heating causes a 
sustained fusion burn with energy 
gain, NIF will have finally shown 
that generating power from fusion 
is at least possible. 


HAMMERING VIRUSES 

Most antibodies are quite specific, 
derailing only viruses that look 
alike. But broadly neutralizing anti- 
bodies (bNAbs) are immune system 
generalists, capable of disabling a 
wide range of viral variants. Recent 
progress in identifying bNAbs effec- 
tive against HIV and in developing 
a flu vaccination strategy in animals 
that elicits these generalists have 
brought us closer to harnessing 
these molecules. In 2011, research- 
ers hope to come up with the viral 
pieces—the main vaccine ingredi- 
ents—that trigger the immune sys- 
tem to make bNAbs. 


ELECTRIC CARS 

Toyota’s Prius and other gas-electric 
hybrids have been on the market for 
years. But in 2011, plug-in hybrid 
electric cars that charge a car's bat- 
teries from a wall socket are set to 
go mainstream. These cars make a 
marked shift in the demands put on 
battery technology to take consum- 


ers where they want to go. For now, 
battery-powered cars cost more than 
their gasoline-powered alternatives. 
Will consumers give up their long- 
distance driving range and the con- 
venience of a quick fill-up to pro- 
duce less carbon emissions? Doesn't 
seem like a sure bet. 


MALARIA SHOTS 

Scientists can't wait for the results of 
the first phase III trial of a malaria 
vaccine. Up to 16,000 children in 
seven African countries are taking 
part in the study; the results for 
almost 9000 of them—the cohort 
aged 5 to 17 months—will be 
announced late in 2011. The vac- 
cine, called RTS,S, offered roughly 
50% protection in phase II stud- 
ies. That's not spectacular, but given 
the field’s frustrating history, expect 
elation—and a speedy applica- 
tion for regulatory approval—if the 
phase III study does equally well. 
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Whiplash for Stem Cell Researchers 


The field of stem cell research in the United States was shaken to 
its core last summer when a federal court banned taxpayer-funded 
research on human embryonic stem cells (hESCs). Although a 
higher court soon allowed the research to continue temporarily, the 
ongoing lawsuit, Sherley v. Sebelius, has cast a shadow over the area 
that could linger well into 2011. 

Stem cell scientists began the year on a high note, after the 
Obama Administration lifted Bush-era limits on which cell lines 
could be used in studies funded by the National Institutes of Health 
(NIH). Government lawyers and NIH weren't terribly worried about 
a lawsuit challenging the agency’s July 2009 embryonic stem cell 
guidelines filed last year by two scientists, Christian groups, and 
an embryo adoption agency on behalf of embryos. And Chief Judge 
Royce Lamberth of the U.S. District Court in Washington, D.C., soon 
threw the suit out because the plaintiffs had not demonstrated they 
were harmed by the NIH policy. 

The suit got a second wind last summer when an appeals court 
reversed Lamberth’s ruling about the legal standing of the two sci- 
entists, James Sherley 
and Theresa Deisher, 
who claimed that the 
NIH guidelines made it 
harder for them to win 
grants to study adult 
stem cells. Lamberth 
then considered Sherley 
and Deisher’s argument 
that the guidelines vio- 
lated the Dickey-Wicker 
Amendment, which 
bans the use of federal 
funds for research that 
destroys embryos (a step 
necessary to derive hESCs). On 23 August, Lamberth ruled that NIH- 
funded hESC research likely violated the amendment and issued a pre- 
liminary injunction blocking it. 

NIH Director Francis Collins said he was “stunned”; NIH sus- 
pended hESC grant payments and peer review and stopped research 
on the NIH campus. Lamberth’s decision, Collins said, threw “sand 
into that engine of discovery.” Researchers got a reprieve on 9 Sep- 
tember, when the U.S. Court of Appeals for the District of Columbia 
Circuit lifted the ban while it considered the government's appeal of 
Lamberth’s preliminary injunction. A three-judge panel that heard 
oral arguments on 6 December is expected to rule by mid-January— 
and no one is making bets on the outcome. Meanwhile, Lamberth 
could issue a permanent ban any day if he decides federally funded 
hESC research violates Dickey-Wicker. Any decision will likely be 
appealed, ultimately to the Supreme Court. 

Since the September stay, it’s officially been business as usual at 
NIH. But researchers say damage has already been done. The uncer- 
tainty about whether hESC research will be halted again—and the 
fading hope that Congress will pass a law allowing hESC research— 
has many scientists rethinking their work. U.S. postdocs are thinking 
twice about venturing into the field, and foreign graduate students 
are hesitating to take postdoc positions in U.S. labs. The legal tangle 
is yet another low point in the roller-coaster history of hESC research 
in the United States. —JOCELYN KAISER 


Brakeman. Judge Royce Lamberth’s ruling 
threw hESC research into turmoil. 
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7 NEWSFOCUS 


The Year in News 


2010 was a busy year for science and science policy. Here are some 
developments that tested the limits of our knowledge and influenced 
thinking about the global research enterprise 


Pe 
cy 


January: A magnitude-7.0 
earthquake in a long-recognized 
seismic zone kills more than 
200,000 people in a highly 
vulnerable population. 


February: A magnitude-8.8 e 


quake results in fewer than 
500 deaths thanks to quake- 
resistant building construction 
and an offshore epicenter. 


February: IBM researchers 
create graphene transistors that 
switch on and off at 100 billion 
times per second. 


October: Four people die 
in helicopter crash involv- 
ing employees at the 
French Polar Institute 
Paul Emile Victor. 


1610 


April: Arizona State August: 
University agrees to return Federal 

DNA samples to the Havasupai judge blocks 
tribe following questions about U.S. government 
informed consent. funding of stem 


a, cell research. 
April: Explosion of Deep- C5) 
water Horizon drilling plat- 
form triggers release of 205 mil- 
lion gallons of oil in the Gulf of 
Mexico—and research on effects 


that could last for decades. 


Se, nit ee 
Summer/Fall: What may prove 
to be the worst coral bleaching 
on record devastates reefs in the 
Caribbean, the Indian Ocean, 
April: Researchers evaluate the and the tropical Pacific. 

first data from the NEPTUNE 
project, an undersea cable 
network of sensors. 


May: J. Craig Venter’s group @ 
incorporates a synthetic 
genome into a microbe. 


September: Historian uncovers 
a syphilis study in Guatemala 
from the 1940s, and the U.S. 
government apologizes for its 
ethical lapses. 


September: The U.S. @ 
and European govern- 

ments sharply restrict use of the 
diabetes drug Avandia because 
of safety concerns, capping a 
long controversy. 
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October: Explosive cholera out- 
break erupts and spirals out of 
control. 


October: Construction com- 
pleted on prototype site for 
NEON, an ecological observatory 
network to monitor long-term 
change on continental scales. 


November: Study finds 

that CT exams cut death 

from lung cancer 20% among 
smokers—but screening has 
major costs. 


November: Long-delayed 
NASA Stratospheric Observatory 
for Infrared Astronomy 

(SOFIA) completes first 

science flight. 
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January: The Intergovern- @ 
mental Panel on Climate 
Change offers “regrets” about 
overstating the rate of glacier 
melting in the Himalayas. 


September: China's one-child (32) 
policy turns 30. 


February: Government 

rejects commercial release 

of genetically modified brinjal 
(eggplant). June: The Hayabusa spacecraft 
capsule lands in Australia with 
dust from asteroid Itokawa. 


October: Results of the first 
Census of Marine Life presented. 


October: U.K. science 
avoids sharp cuts in govern- 
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post-ITER fusion reactor. July: Funding profile (26) October: Parties to the 8 

a; approved for ITER fusion Convention on Biological 
April: Chinese Family Panel reactor project. Diversity adopt new targets to 
Studies survey, the largest Ta protect biodiversity and urge 
long-term social science study July: First positive HIV @ caution on geoengineering. November: China unveils 


in the developing world, begins. microbicide results from 
South Africa announced at 
international AIDS meeting. 


world’s fastest supercomputer. 


December: Launch of new, 36) 
affordable meningitis vac- 

cine to protect 450 million 
people. 


Ongoing: BGI-Shenzhen @ 
enhances its reputation as 


a | ’ Zz + world’s largest sequencing cen- 
August: Wildfires across Russia October: Plan to honor ter, deciphering an ant, a paleo- 


; reach the region heavily affected presidency of Teodoro Obiang Eskimo, the human methy- 
in by the Chornobyl nuclear disas- with UNESCO science prize is lome, and a gene catalog of the 
May: Neandertal genome ter, raising fears that they could put on ice after human rights human gut microbiome. 
sequenced. spread radiation. protests. 
—JEFFREY MERVIS 
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INSIGHTS 
OF THE DECADE 


The Dark Genome 


Water on Mars 


Reprogramming Cells 


= 


Inflammation 


INTRODUCTION 


Stepping Away From the Trees 
For a Look at the Forest 


Science's news staff takes a break from reporting to review some big ideas of the past 
10 years and the technologies that made them possible 


TEN YEARS AGO, KARL DEISSEROTH WAS 
stuck. A psychiatrist and neuroscientist, he 
wanted to learn how different brain circuits 
affect behavior—and what went awry in the 
brains of his patients with schizophrenia 
and depression. But the tools of his trade 
were too crude: Electrodes inserted into the 
brain would stimulate too many cells in their 
vicinity. So in 2004, Deisseroth and his stu- 
dents invented a new tool. They inserted a 
gene for a light-activated algal protein into 
mice brains, where it entered nerve cells. 
By stimulating those cells with a laser, the 
researchers could control the activity of spe- 
cific nerve circuits with millisecond preci- 
sion and study the effects. 

The technique, called optogenetics, took 
the field by storm. Today, thousands of sci- 
entists in hundreds of labs are using opto- 
genetics to probe how brains work. They have 
examined which cells in the brain’s reward 
pathway get hijacked by cocaine, and how 
deep brain stimulation relieves the symptoms 
of Parkinson’s disease. The list of questions 
that can now be addressed is endless. 

Deisseroth’s story repeats itself every- 
where in science: An ingenious new tool 
triggers a cascade of new insights. In this 
special section, Science’s news reporters and 
editors mark the end of the current decade 
by stepping back from weekly reporting to 
take a broader look at 10 insights that have 
changed science since the dawn of the new 
millennium. This survey covers only a small 
fraction of the decade’s scientific advances, 
of course; many others could have filled 
these pages. 

First, however, a shout-out to some of 
the tools that made those insights possible. 
In the past 10 years, new ways of gather- 
ing, analyzing, storing, and disseminat- 
ing information have transformed science. 
Researchers generate more observations, 
more models, and more automated experi- 
mentation than ever before, creating a data- 
saturated world. The Internet has changed 
how science is communicated and given 
nonscientists new opportunities to take part 
in research. Whole new fields, such as net- 
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work science, are arising, and science itself 
is becoming more of a network—more 
collaborative, more multidisciplinary— 
as researchers recognize that it takes many 
minds and varied expertise to tackle complex 
questions about life, land, and the universe. 


Seeing and sensing 

Many of the decade’s most useful new tools, 
like optogenetics, were advances in sens- 
ing and imaging. Cryoelectron tomography 
brought into focus the cell’s components, 
allowing scientists to get atomic-level detail 
of whole-cell organization. The technique 
builds up a three-dimensional image from a 
series of two-dimensional slices of a flash- 
frozen cell, a computer-intensive process. 

In 2002, intravital scanning two-photon 
confocal microscopy revolutionized immu- 
nology when it was applied to lymph nodes, 
showing immune cells in intact tissue in real 
time. The work opened the door to under- 
standing the interactions among immune 
cells and the body and changed how research- 
ers thought about immune responses. 

Developmental biology has also made 
huge leaps since 2000 thanks to new micros- 
copy techniques. Now researchers can keep 
samples alive and have longer-lasting fluo- 
rescent tags to track specific cells. They can 
follow whole-organ and whole-animal devel- 
opment in movies that follow cells as they 
divide and move around. Other microscopy 
techniques have been able to sidestep a fun- 
damental limit of optics to look at proteins 
and the fine structure of cells smaller than the 
diffraction limit—half the wavelength of the 
light being used. 

Not only can we see better, but we can 
also send our eyes to hard-to-reach places. 
On Mars, for example, the Spirit and Oppor- 
tunity rovers marked a big step up from ear- 
lier spacecraft: able to roam for kilometers 
instead of meters and carrying more capa- 
ble instruments to analyze the chemical and 
physical properties of rock. Their observa- 
tions rewrote the history of water on Mars. 
Closer to home, torpedolike robots with 
no connection to the surface searched for 
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Emphasizing connections. Thanks to computers, the Internet, and new ways of looking at links among 
everything from genes to people, network science is flourishing. 


oil in the Gulf of Mexico and explored the 
water under glacial ice shelves in Antarctica. 
Remotely operated planes, some the size of 
model airplanes and some the size of military 
Predators and Hawks, routinely monitor sun- 
light passing through clouds and fly over hur- 
ricanes. Thousands of oceangoing floats send 
back data on water properties and, therefore, 
currents. These mobile sensing devices, along 
with stationary counterparts on land and in 
the sea, will soon monitor the state of the 
planet around the clock, making ecology and 
environmental science almost as data-rich as 
astronomy and particle physics are. 


The indispensable machine 

Key to handling such unprecedented tor- 
rents of data, of course, have been ever more 
powerful and more affordable computers. 
No field has benefited more than genom- 
ics. A decade ago, sequencing a human 
genome took years, hundreds of people, 
hundreds of machines, and endless hours of 
sample preparation to generate the pieces of 
DNA to be deciphered, one at a time. Some 
researchers favored a shotgun approach— 
cutting up whole genomes, then sequencing 
and assembling them all at once—but avail- 
able computers weren’t up to the task. Pro- 
ponents had to build a massive supercom- 
puter and laboriously program it for the job. 
Now whole-genome shotgun is de rigueur, 
and efficient software abounds. In the past 
5 years, new “next-generation” sequenc- 
ing technologies have streamlined the work 
even more. Today, a single machine can 
decipher three human genomes in little 
more than a week. 
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Sequencing is getting so cheap that 
researchers are using it to study gene expres- 
sion and protein-DNA interactions on an 
unprecedented scale. Geneticists now depend 
on sequencing to track down the genetic 
causes of rare diseases. In 2008, 10 countries 
set up the International Cancer Genome Con- 
sortium, which aims to catalog mutations and 
other DNA and epigenetic changes for about 
50 types of cancer by sequencing part or all of 
25,000 genomes. 

Computers aren’t limited to piecing 
genomes back together. With their help, 
genomics researchers predict gene locations 
and compare, say, chimp and human genomes 
to identify sequences of evolutionary 
importance—deriving new insights about 
how genomes work. The Web has served as 
a vital link between researchers and publicly 
accessible databases of genome information. 

In biochemistry, computer technology 
has led to huge strides in understanding pro- 
teins. To help with the calculations needed 
to model the jumps and squiggles proteins 
make as they fold into their “final” shape, 
scientists beefed up their hardware with 
graphics processing units used to render 3D 
images in video games. 

Computational chemistry also got a 
boost from field programmable gate arrays: 
chips that allow users to essentially design 
their own hardware to streamline their simu- 
lations. And one research team built a super- 
computer with customized integrated cir- 
cuits that dramatically speed protein-folding 
calculations, allowing simulations on the 
time scale of milliseconds. 

In some cases, computing power is trans- 
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forming the basic way researchers work 
together. In astronomy, for example, the 
Sloan Digital Sky Survey is cataloging every- 
thing that can be seen in a fifth of the sky 
using a 2.5-meter telescope at the Apache 
Point Observatory in New Mexico. Research- 
ers will tap into the masses of data over the 
Web. Similar “data utilities” are business as 
usual in particle physics and seismology, but 
they are a far cry from the way small teams of 
observers have divided up telescope time in 
the past. Europe’s CERN laboratory has gone 
even further. To handle the petabytes of data 
its Large Hadron Collider (LHC) will gener- 
ate every year, CERN has set up a computing 
“grid” system—a virtual organization that 
pools and shares the computer processing 
power of each member institution. The grid 
also makes it possible for thousands of scien- 
tists to access LHC data and work together in 
unprecedented ways. 

Other organizations are harnessing 
the power of networking through crowd- 
sourcing, in which large numbers of 
researchers (even nonscientists) can con- 
tribute to solving problems, setting policy, 
or forecasting the future. An Internet com- 
pany called InnoCentive, for example, posts 
problems online and offers rewards of up to 
$1 million for their solution. It boasts that 
200,000 people have weighed in on more 
than 1000 problems in fields as wide-rang- 
ing as drug synthesis and brick manufacture 
and have solved two-thirds of them. 

Networking programs also enable volun- 
teers around the world to donate idle time 
on home computers for protein-folding cal- 
culations, to search for comets in images 
from the SOHO satellite, and to classify 
galaxy types in data from the Sloan Digital 
Sky Survey. 

To get a handle on all this interconnect- 
edness and grasp the ways information trav- 
els through complex systems, theorists have 
spawned a new field called network science. 
The field took off about 10 years ago, after 
physicists developed mathematical models 
to explain some of the network phenomena 
sociologists had observed. Now, thanks to 
technologies that make possible measure- 
ments on thousands of genes or proteins at 
once and to computers that can track and 
analyze the movements, voting habits, or 
shopping preferences of millions of people, 
the network approach is bursting into full 
flower. A host of new insights are bound to 
lie just ahead. 

But that is a tale for another decade. 

—-THE NEWS STAFF 
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Shining a Light on the 
Genome’s ‘Dark Matter’ 


IT USED TO SEEM SO STRAIGHTFORWARD. 
DNA told the body how to build proteins. 
The instructions came in chapters called 
genes. Strands of DNA’s chemical cousin 
RNA served as molecular messengers, car- 
rying orders to the cells’ protein factories 
and translating them into action. Between 
the genes lay long stretches of “junk DNA,” 
incoherent, useless, and inert. 

That was then. In fact, gene regulation 
has turned out to be a surprisingly complex 
process governed by various types of regu- 
latory DNA, which may lie deep in the wil- 
derness of supposed “junk.” Far from being 
humble messengers, RNAs of all shapes 
and sizes are actually powerful players in 
how genomes operate. Finally, there’s been 
increasing recognition of the widespread 
role of chemical alterations called epigen- 
etic factors that can influence the genome 
across generations without changing the 
DNA sequence itself. 

The scope of this “dark genome” became 
apparent in 2001, when the human genome 
was first published. Scientists expected to 
find as many as 100,000 genes packed into 
the 3 billion bases of human DNA; they 
were startled to learn that there were fewer 
than 35,000. (The current count is 21,000.) 
Protein-coding regions accounted for just 
1.5% of the genome. Could the rest of our 
DNA really just be junk? 

The deciphering of the mouse genome 
in 2002 showed that there must be more 


to the story. Mice and people turned out 
to share not only many genes but also vast 
stretches of noncoding DNA. To have been 
“conserved” throughout the 75 million 
years since the mouse and human lineages 
diverged, those regions were likely to be cru- 
cial to the organisms’ survival. 

Edward Rubin and Len Pennacchio of 
the Joint Genome Institute in Walnut Creek, 
California, and colleagues figured out that 
some of this conserved DNA helps regulate 
genes, sometimes from afar, by testing it 
for function in transgenic mouse embryos. 
Studies by the group and others suggested 
that noncoding regions were littered with 
much more regulatory DNA than expected. 

Further evidence that noncoding DNA is 
vital has come from studies of genetic risk 
factors for disease. In large-scale searches 
for single-base differences between dis- 
eased and healthy individuals, about 40% of 
the disease-related differences show up out- 
side of genes. 

Genetic dark matter also loomed large 
when scientists surveyed exactly which 
DNA was being transcribed, or decoded, 
into RNA. Scientists thought that most RNA 
in a cell was messenger RNA generated by 
protein-coding genes, RNA in ribosomes, or 
a sprinkling of other RNA elsewhere. But 
surveys by Thomas Gingeras, now at Cold 
Spring Harbor Laboratory in New York, 
and Michael Snyder, now at Stanford Uni- 
versity in Palo Alto, California, found a lot 


2005 


more RNA than expected, as did an analysis 
of mouse RNA by Yoshihide Hayashizaki of 
the RIKEN Omics Science Center in Japan 
and colleagues. Other researchers were 
skeptical, but confirmation soon came from 
Ewan Birney of the European Bioinformat- 
ics Institute and the Encyclopedia of DNA 
Elements project, which aims to determine 
the function of every base in the genome. 
The 2007 pilot results were eye-opening: 
Chromosomes harbored many previously 
unsuspected sites where various proteins 
bound—possible hotbeds of gene regulation 
or epigenetic effects. Strikingly, about 80% 
of the cell’s DNA showed signs of being 
transcribed into RNA. What the RNA was 
doing was unclear. 

Other studies revealed that RNA plays a 
major role in gene regulation and other cel- 
lular functions. The story started to unfold 
in the late 1990s, when plant research- 
ers and nematode biologists learned to use 
small RNA molecules to shut down genes. 
Called RNA interference (RNAi), the tech- 
nique has become a standard way to control 
gene activity in a variety of species, earning 
a Nobel Prize in 2006. 

To understand RNAi and RNA in gen- 
eral, researchers began isolating and study- 
ing RNA molecules just 21 to 30 bases 
long. It turned out that such “small RNAs” 
can interfere with messenger RNA, desta- 
bilizing it. Four papers in 2002 showed 
that small RNAs also affect chromatin, the 
complex of proteins and DNA that makes 
up chromosomes, in ways that might fur- 
ther control gene activity. In one study, 
yeast missing certain small RNAs failed to 
divide properly. Other studies have linked 
these tiny pieces of RNA to cancer and to 
development. 

The surprises didn’t stop at small RNAs. 
In 2007, a group led by Howard Chang of 
Stanford and John Rinn, now at Beth Israel 
Deaconess Medical Center in Boston, pinned 
down a gene-regulating function by so- 
called large intervening noncoding RNAs. 
Rinn and colleagues later determined that 
the genome contained about 1600 of these 
lincRNAs. They and other researchers think 
this type of RNA will prove as important as 
protein-coding genes in cell function. 

Many mysteries about the genome’s dark 
matter are still under investigation. Even 
so, the overall picture is clear: 10 years ago, 
genes had the spotlight all to themselves. 
Now they have to share it with a large, and 
growing, ensemble. 

—ELIZABETH PENNISI 
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FOR EONS, HUMANS HAVE PEERED INTO THE 
starry sky and wondered, “Where did it all 
come from?” Cosmologists still don’t have a 
solid answer, but in the past decade they have 
deduced a very precise recipe for the con- 
tent of the universe, as well as instructions 
for putting it together. The advance has trans- 
formed cosmology from a largely qualitative 
endeavor to a precision science with a stan- 
dard theory that provides little wiggle room 
for other ideas, even as it leaves obvious ques- 
tions unanswered. Like it or not, cosmologists 
are now more or less stuck with the theory. 

If you are cooking along at home, you’ll 
need three ingredients: ordinary matter such 
as that in stars and planets, mysterious “dark 
matter” whose gravity binds the galaxies, and 
even weirder “dark energy” that’s stretching 
space and accelerating the expansion of the 
universe. According to the latest numbers, the 
proportions are 4.56% ordinary matter, 22.7% 
dark matter, and 72.8% dark energy. 

Here’s how they went together: The uni- 
verse emerged, superhot and ultradense, in 
the instant of the big bang. For a tiny frac- 
tion of a second it expanded at faster-than- 
light speed. Known as “inflation,” that growth 
spurt stretched tiny quantum fluctuations in 
the density of the newborn universe to colos- 
sal scales. The gravity of these “overdense” 
regions pulled in dark matter, which drew 
along with it ordinary matter, initially a soup 
of subatomic particles. Slowly, a vast “cosmic 
web” of filaments and clumps of dark matter 
formed, and within them, the galaxies. 

Before the turn of the millennium, cosmol- 
ogists had narrowed the list of cosmic ingre- 
dients. Many had suspected the presence of 
dark matter for decades. Dark energy made a 
splashy entrance in 1998, when astronomers 
used stellar explosions called type Ia super- 
novae to trace the rate of expansion of the uni- 
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verse and found that it was speeding up. The 
idea of inflation emerged in the 1980s to solve 
various conceptual puzzles. But only recently 
have observations enabled scientists to weave 
these threads into a rigorous theory. 

Much of the progress has come through 
studies of the afterglow of the big bang, radi- 
ation known as the cosmic microwave back- 
ground (CMB). In 2000, an experiment known 
as Balloon Observations of Millimetric Extra- 
galactic Radiation and Geophysics measured 
the CMB in detail in patches of the sky; a year 
later, so did the ground-based Degree Angu- 
lar Scale Interferometer at the South Pole. 
Then in 2003, NASA’s space-based Wilkin- 
son Microwave Anisotropy Probe (WMAP) 
mapped the CMB across the sky, producing 
an exquisite baby picture of the cosmos. 

It’s the myriad dimples in that picture that 
count. The temperature of the CMB varies by 
about one part in 100,000 from point to point 
on the sky, with the hotter spots correspond- 
ing to the denser regions in the primordial uni- 
verse. By measuring the distribution of the 
spots’ sizes and fitting it with their theoreti- 
cal model, scientists can probe the interplay 
and amounts of ordinary and dark matter in 
the early universe. They can also measure the 
geometry of space. That allows them to deduce 
the total density of energy and matter in the 
universe and infer the amount of dark energy. 

CMB studies show that the universe is 
flat. That means that if you draw parallel 
lines in space, then they will remain the same 
distance apart along their infinite lengths 
instead of converging or diverging. Such flat- 
ness is a central prediction of inflation, so the 
measurements bolster that wild idea. So does 
a particular randomness seen in the hot and 
cold spots. The WMAP team released its lat- 
est results in January, 9 months before the 
satellite shut down. 
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First light. The afterglow of the big bang as 
charted by the WMAP spacecraft (inset). 


The most jaw-dropping thing about the 
CMB results is that the cosmologists’ model, 
which has only a half-dozen adjustable param- 
eters, fits the data at all. This isn’t some mar- 
ginal approximation; the theory fits the data 
like the casing on a sausage. That makes it 
hard to argue that dark matter and dark energy 
are not real and to explain them away by, for 
example, modifying Einstein’s theory of grav- 
ity. Other cosmological data, such as measure- 
ments of the distribution of the galaxies, also 
jibe nicely with the model. 

All of this leaves cosmologists in a pecu- 
liar situation: They have the precise propor- 
tions of the ingredients of the universe, but 
they still do not know what two of the three 
ingredients—dark matter and dark energy— 
really are. It’s as if they’ve been handed a 
brownie recipe that calls for a “sweet granu- 
lar substance” and a “white powder that mixes 
with water to make a paste,” instead of speci- 
fying sugar and flour. 

Cosmologists may have a better idea of 
what they’re talking about by the end of the 
next decade. A particle theory called “super- 
symmetry” predicts the existence of weakly 
interacting massive particles (WIMPs), 
which could be the particles of dark matter. 
Researchers are optimistic that they may soon 
detect WIMPs bumping into sensitive detec- 
tors deep underground, emerging from high- 
energy particle collisions at an atom smasher, 
or producing telltale gamma rays in space. 
Numerous astronomical surveys will probe 
space-stretching dark energy, although figur- 
ing out what it is could take much longer than 
another decade. —ADRIAN CHO 
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Tiny Time Machines Revisit Ancient Life — 


FOR HUNDREDS OF YEARS, HUMANS 
studying ancient life had to rely on stones 
and bones for hard evidence about what 
extinct creatures looked like. In the past 
decade, powerful new x-ray scans and three- 
dimensional computer models have trans- 
formed the analysis of bones, teeth, and 
shells. But something even more revolution- 
ary has been afoot: a new kind of analysis 
capable of revealing anatomical adaptations 
that skeletal evidence can’t provide, such 
as the color of a dinosaur’s feathers or how 
woolly mammoths withstood the cold. 

The new views of the prehistoric world 
hinge on the realization that “biomolecules” 
such as ancient DNA and collagen can sur- 
vive for tens of thousands of years and give 
important information about long-dead 
plants, animals, and humans. In the past 
10 years, this field has surged forward 
beyond expectation. In 1997, the sequenc- 
ing of the first snippet of DNA from a Nean- 
dertal by a team at the Max Planck Institute 
of Evolutionary Anthropology in Leipzig, 
Germany, was hailed as a major milestone. 
But this year, the same lab published the 
nuclear genome of Neandertals, repre- 
senting 10 million times as much DNA 
(see “Breakthrough of the Year,” p. 1605). 
Over the past decade, these molecules have 
painted the past in living color: Ancient 
genes have shown that some Neandertals had 
red hair and pale skin, and ancient pigment- 
bearing organelles called melanosomes have 
revealed the chestnut color of a Sinosaurop- 
teryx dinosaur’s downy tail. 

Ancient molecules can also expose 
relationships among long-dead species; 
for example, showing that the amino acid 
sequence of collagen from a dinosaur more 
closely resembled that of living birds than 
that of reptiles. Ancient DNA from woolly 
mammoths revealed that their blood con- 
tained special cold-adapted hemoglobin, 
which researchers reproduced in bacteria this 
year. DNA has even shown that a few Nean- 
dertals interbred with our ancestors. 

Ancient-DNA research began in the mid- 
1980s. But its early promise faded amid a 
series of spectacular but unfounded claims, 
such as supposed 80-million-year-old dino- 
saur DNA that was actually from a human. 
Ancient DNA was so often contaminated 
with DNA from bacteria or scientists them- 
selves that no one trusted (or published) 
the findings. Funding dried up, and only a 


few labs survived, mostly in 
Europe. 

But over the past 10 
years, new tools developed 
for exploring the human 
genome gave ancient 
DNA research a 
lifesaving infu- 
sion. For example, 
new high-through- 
put sequencers turned 
out to work best with 
small fragments of DNA— 
just what degraded ancient 
samples yield. The tech- 
nology enabled scientists 
to sequence every bit of 
extracted DNA relatively 
cheaply. So they were able 
to develop methods to rec- 
ognize and sort short bits of 
ancient DNA from longer 
chunks of contaminant DNA 
and also to fish out gene regions of interest. 

As sequencing power leapt forward, 
researchers began making discoveries at a 
record-breaking clip. In 2005, two teams 
worked together to sequence 27,000 bases 
of ancient cave bear DNA. Six months later, 
another team generated a remarkable 28 mil- 
lion bases of DNA from a mammoth bone 
and showed that mammoths split from A fri- 


Code-buster. A researcher extracts DNA from 
ancient bone. 


can elephants about 6 million years ago. In 
2008, that same team bought mammoth hair 
on eBay and sequenced the entire mammoth 
genome—the first genome of an extinct ani- 
mal. That same year, the first complete mito- 
chondrial genome of a Neandertal was pub- 
lished; five others soon followed. In 2010, 
that work culminated in the publication of 
the Neandertal genome. 

Also this year, the Max Planck team 


Mammoth undertaking. Scien- 
tists sequenced the genome of 
this extinct mammal. 


achieved a feat that many researchers a 
decade ago would have dismissed as impos- 
sible: They identified a previously unknown 
species of human by its DNA alone. They 
sequenced the mitochondrial genome of a 
single human finger from a Siberian cave. The 
finger was neither Neandertal nor human; 
it apparently belonged to a new species that 
lived in Central Asia just 40,000 years ago. 

Meanwhile, researchers are also zeroing 
in on other ancient molecules, such as RNA 
and collagen. Researchers at North Carolina 
State University in Raleigh made the spec- 
tacular claim that they had isolated collagen 
from a 68-million-year-old Tyrannosaurus 
rex and from an 80-million-year-old hadro- 
saur. Some scientists suspect that the colla- 
gen comes from bacteria rather than dino- 
saurs, but others are investigating collagen 
as a way to bar-code scraps of unidentifi- 
able bone. A few are even looking at RNA— 
which is far more fragile than DNA—in 
ancient seeds to learn about gene expression 
in early crops. 

Unlocking the secret lives of long-dead 
organisms may have practical implications 
in today’s world, too. Some researchers hope 
to use ancient DNA to introduce genetic 
diversity back into threatened populations, 
for example, those of polar bears. If they 
succeed, molecules of long-dead organisms 
may one day help save living ones. 

-ANN GIBBONS 
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A Roller-Coaster Plunge Into 
Martian Water—and Life? 


IT’S BEEN A HECK OF A RIDE. FROM 
civilization-sustaining canals early in the past 
century to Mariner 9’s barren, lunarlike ter- 
rain of the 1970s to shallow, salty seas on early 
Mars in this decade, the search for water on 
the Red Planet—and the life that liquid water 
would permit—has had its ups and downs. 

The ballyhooed shallow seas evaporated 
from scientists’ view of early Mars within a 
few years, but even so, the past decade’s half- 
dozen martian missions have finally deliv- 
ered. It is now clear that early in Mars his- 
tory, liquid water on or just inside the planet 
did indeed persist long enough to alter rock 
and, possibly, sustain the origin of life. 
There is now even enough mois- 
ture to encourage those who seek 
living, breathing alien microbes— 
organisms that, if they exist, could 
hold the key to explaining how life on 
our own planet got its start. 

At the turn of the millennium, 
experts knew early Mars hadn’t been 
bone dry. News headlines of the day 
spoke of “A Dripping Wet Early 


Mars” and suggested that “Mars|ls == 


Getting Wetter and Wetter” (to cite 

two examples from Science). Cameras on 
spacecraft following Mariner 9 had revealed 
landscapes sculpted by catastrophic floods. 
Layered sediments evoked long-past crater 
lakes, and there were even hints of ancient 
shorelines that had encompassed a great 
northern ocean. But as far as anyone knew, 
all of those reservoirs could have been too 
ephemeral to give life a start. 

A soaking splash of martian water came 
in early 2004 when the Opportunity rover 
discovered signs of long-lived seas, or 
at least broad lakes, on early Mars. 
Opportunity was investigating a 
splotch of spectral color, seen from 
orbit, that connoted the water-related 
iron mineral hematite. From close 


up, the landing site appeared to be the salty 
remains of a shallow sea or lake. Science pro- 
claimed the find—along with the discovery 
of cryptic water-rotted rocks on the other side 
of the planet by the Spirit rover—the Break- 
through of the Year for 2004. 

The excitement was short-lived. Oppor- 
tunity never found much more evidence that 
surface waters had rippled the sediments. 
Instead of a sea, rare puddles of salty, acidic 
groundwater may have oozed up between 
arid dunes of salt sand. Such intensely briny, 
corrosive water would have been inimical to 
Earth-like life. 


Pointers. Clay's spectral blues and greens (above, 
left) will guide the Curiosity rover (below). 


Not to worry. Spectrometers flying on 
Mars Reconnaissance Orbiter and Mars 
Express the past half-dozen years are far more 
capable of spying out water-altered minerals, 
especially clays. Astrobiologists love clays. 
Their formation requires prolonged contact of 
water and rock under mild, life-favoring con- 
ditions, and they are great for preserving the 
remnant organic matter of past life. Research- 
ers have now turned up water-generated clays 

in so many places on Mars that the scien- 

tists and engineers contemplating where 
to send the next rover—the high-powered 
Curiosity, a.k.a. Mars Science Labora- 
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tory—had scores of choices. 

Orbiting instruments have also turned 
up ice buried within centimeters of the soil 
surface and in now-stagnant, debris-covered 
glaciers hundreds of meters thick. Ice near 
the martian surface can’t melt today, but 
because Mars wobbles wildly on its axis, its 
climate has swung through warmer spells 
lasting hundreds of thousands of years many 
times in the past. 

Early in the decade, planetary scientists 
started finding signs that some of this ice may 
have been liquid within geologically recent 
times. Sharper imaging revealed gullies on 
crater walls that look as if they were cut by 
water gushing down the slope, perhaps from 
melting snow. In October, team members 
from the Phoenix lander mission reported evi- 
dence that liquid water—perhaps little more 
than a damp film—had percolated through 
the upper few centimeters of far-north soil. 
And Spirit team members earlier this year 
suggested a similar seeping near the equator 
where the rover has become stuck. 

As a result of such discoveries, the search 
for life on Mars now means more than merely 
groping in the dirt for long-decayed molec- 
ular remains. For the first time, many scien- 
tists think they might realistically find actual 
microorganisms, either living or recently 
deceased. To biologists, that prospect is incal- 
culably exciting. If such micro-martians turn 
up, will they be products of a separate origin, 
with their own distinctive biochemistry and 
genetic code? Or will they be related to life on 
Earth—perhaps precursors such as a hypothe- 
sized “RNA world’’—carried from one planet 
to another by spaceborne debris? 

It’s possible. Meteorites from Mars, 
knocked off the surface by asteroid impacts, 
have been found on Earth. Sometimes those 
rocks might make the trip quickly enough 
for bacterial hitchhikers to survive the cross- 
ing. Mars was wet enough early enough and 
long enough; if it turns out to harbor life as 
we know it, then life on Earth could well have 
started there. —-RICHARD A. KERR 
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A CLASSIC METAPHOR IN BIOLOGY PICTURES 
an embryonic cell at the top of a hill. As the 
embryo develops, the cell rolls downhill into 
a series of branching valleys. Once a cell 
enters, say, the valley that leads to becoming 
a skin cell, it cannot suddenly change course 
and become a neuron. When developmental 
biologist Conrad Waddington came up with 
the image in the 1950s, the message was 
clear: Development is a one-way trip. 

Not so. In the past decade, scientists have 
figured out how to push differentiated cells 
back up the hill and, perhaps even more sur- 
prising, directly from one valley to the next. 
By prompting a cell to overexpress a few 
genes, researchers can turn a skin or blood 
cell into a pluripotent cell: one that has 
regained the potential to become any num- 
ber of cells in the body. Other genes can 
prompt skin cells to turn directly into neu- 
rons or blood cells. Scientists are already 
using the technique to make cell lines from 
patients with hard-to-study diseases, and 
ultimately they hope to grow genetically 
matched replacement cells and tissues— 
perhaps even entire organs. 

The foundation for this groundbreak- 
ing insight was built over several decades 
of research. John Gurdon laid the corner- 
stone in the 1960s, when he cloned frogs 
from adult cells by transferring the cell’s 
nucleus into an enucleated egg. For the 


first time, a scientist had coaxed an adult 
cell’s genetic material into starting over to 
make an entire new individual. In 1996, 
Dolly the sheep extended this “nuclear 
transfer” to mammalian cells. That work 
raised hopes that researchers could fig- 
ure out how oocytes can reset the cellular 
clock of introduced adult DNA, allowing 
development to begin afresh in defiance of 
Waddington’s metaphor. 

In 2006, however, Shinya Yamanaka 
stunned the world when he showed that sim- 
ply by adding extra copies of four genes to 
adult mouse cells, he could prompt them to 
become pluripotent—no help from oocytes 
necessary. He called the resulting cells 
“induced pluripotent stem” cells (iPSCs). 

A year later, two groups—one led by 
Yamanaka, the other by James Thomson— 
independently created iPSCs from human 
skin cells. The groups used slightly different 
combinations of genes, demonstrating that 
there are alternative ways to make the pro- 
cess work. Soon thereafter, several groups 
showed that it was possible to reprogram one 
adult cell type directly into another, turning 
fibroblasts into neurons and fibroblasts into 
blood cells, among other results. 

The breakthrough offered a way around 
some of the sticky ethical and political 
issues that have dogged research with human 
embryonic stem cells, which are taken from 
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early embryos. Suddenly, scientists had a 
source of human pluripotent cells free of 
special rules and regulations. 

Early reprogramming techniques did 
have several drawbacks, however. First, they 
permanently inserted the extra genes into the 
reprogrammed cell’s genome. Although the 
genes seemed to turn back off once the cells 
were pluripotent, it wasn’t clear how they 
might influence the cells’ later behavior. Sec- 
ond, at least one of the genes Yamanaka used 
was known to trigger cancer, and indeed it 
soon became clear that mice grown from 
iPSCs frequently developed tumors. Finally, 
the process was inefficient, reprogramming 
only about one in 5000 of the treated cells. 

Many of those problems have now been 
addressed. Some labs have reprogrammed 
cells using viruses that don’t insert them- 
selves into the genome. Others have used 
small rings of DNA called episomes that 
don’t replicate when the cell divides. Other 
researchers have found small molecules 
that can substitute for some of the genetic 
factors, and they have found ways to insert 
reprogramming proteins directly into a cell. 
A few months ago, one group described 
how to use modified RNA to reprogram 
cells faster and more efficiently than the 
original technique. 

At the same time, scientists have been 
eagerly reprogramming cells from hundreds 
of patients and healthy controls, in an effort 
to uncover the origins of various diseases 
and perhaps find new treatments. Labs are 
using such cells to study amyotrophic lateral 
sclerosis, Parkinson’s disease, Huntington’s 
disease, and even autism. Pharmaceutical 
companies are using heart cells grown from 
iPSCs to test drugs for cardiac side effects, 
a common reason that promising drugs fail. 

Researchers are also working to under- 
stand exactly how reprogramming works. 
The evidence so far suggests that a bit of 
luck is involved: A cell has to receive the 
right dose of each factor at the right time. 
That could explain why the process is 
so inefficient: Only a small fraction of 
cells happens to receive the correct dose. 
Nuclear transfer is much more efficient, and 
some researchers are still working to piece 
together how the oocyte works its magic, in 
the hope that it might provide clues to make 
reprogramming work better. 

Reprogramming has reshaped the devel- 
opmental biology landscape, both for cells 
and for researchers. Scientists hope that in 
the coming decades it will reshape medicine 
as well. —-GRETCHEN VOGEL 
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Body's Hardworking Microbes 
Get Some Overdue Respect 


HUMANS HAVE BEEN DOING BATTLE WITH 
bacteria since the 1800s, thwarting dis- 
ease with antibiotics, vaccines, and good 
hygiene with mixed success. But in 2000, 
Nobel laureate Joshua Lederberg called for 
an end to the “We good; they evil” thinking 
that has fueled our war against microbes. 
“We should think of each host and its para- 
sites as a superorganism with the respective 
genomes yoked into a chimera of sorts,” he 
wrote in Science in 2000. 

His comments were prescient. This past 
decade has seen a shift in how we see the 
microbes and viruses in and on our bodies. 
There is increasing acceptance that they are 
us, and for good reason. Nine in 10 of the 
cells in the body are microbial. In the gut 
alone, as many as 1000 species bring to the 
body 100 times as many genes as our own 
DNA carries. A few microbes make us sick, 
but most are commensal and just call the 
human body home. Collectively, they are 
known as the human microbiome. Likewise, 
some viruses take up residence in the body, 
creating a virome whose influence on health 
and disease is just beginning to be studied. 

Their genes and ours make up a meta- 
genome that keeps the body functioning. This 
past decade we’ve begun to see how micro- 
bial genes affect how much energy we absorb 
from our foods and how microbes and viruses 
help to prime the immune system. Viewing 
the human and its microbial and viral com- 
ponents as intimately intertwined has broad 
implications. As one immunologist put it, 
such a shift “is not dissimilar philosophically 
from the recognition that the Earth is not the 
center of the solar system.” 


Invisible partners. The roster of bacteria varies 
among body sites. 
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This appreciation has dawned gradu- 
ally, as part of a growing recognition of 
the key role microbes play in the world. 
Microbiologists sequencing DNA from 
soil, seawater, and other environments have 
discovered vast numbers of previously unde- 
tected species. Other genomics research 
has brought to light incredible intimacies 
between microbes and their hosts—such as 
a bacterium called Buchnera and the aphids 
inside which it lives. A study in 2000 found 
that each organism has what the other lacks, 
creating a metabolic interdependency. 

One of the first inklings that micro- 
biologists were missing out on the body’s 
microbial world came in 1999, when David 
Relman of Stanford University in Palo Alto, 
California, and colleagues found that previ- 
ous studies of bacteria cultured from human 
gums had seriously undercounted the diver- 
sity there. Turning to samples taken from the 
gut and from stools, the researchers iden- 
tified 395 types of bacteria, two-thirds of 
them new to science. 

In 2006, Steven Gill of the University at 
Buffalo in New York and colleagues did a 
metagenomics study of the gut, analyzing 
all the genes they could find in the 78 mil- 
lion bases sequenced. They found meta- 
bolic genes that complemented the human 
genome, including ones that break down 
dietary fiber, amino acids, or drugs, and oth- 
ers that produce methane or vitamins. This 
and a more comprehensive survey in 2010 
by Jun Wang of BGI-Shenzhen in China and 
colleagues provided support for the concept 
of the microbe-human superorganism, with 
a vast genetic repertoire. Now, large-scale 
studies have surveyed the microflora in the 
gut, skin, mouth, nose, and female urogeni- 
tal tract. The Human Microbiome Project has 
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sequenced 500 relevant microbial genomes 
out of a planned 3000. 

Some of these microbes may play impor- 
tant roles in metabolic processes. In 2004, 
a team led by Jeffrey Gordon of Wash- 
ington University School of Medicine in 
St. Louis, Missouri, found that germ-free 
mice gained weight after they were supplied 
with gut bacteria—evidence that these bac- 
teria helped the body harvest more energy 
from digested foods. Later studies showed 
that both obese mice and obese people har- 
bored fewer Bacteroidetes bacteria than their 
normal-weight counterparts. 

The microbiome is also proving critical in 
many aspects of health. The immune system 
needs it to develop properly. What’s more, to 
protect themselves inside the body, commen- 
sal bacteria can interact with immune cell 
receptors or even induce the production of 
certain immune system cells. One abundant 
gut bacterium, Faecalibacterium prausnit- 
zii, proved to have anti-inflammatory proper- 
ties, and its abundance seems to help protect 
against the recurrence of Crohn’s disease. 
Likewise, Sarkis Mazmanian of the Cali- 
fornia Institute of Technology in Pasadena 
showed that the human symbiont Bacteroides 


fragilis kept mice from getting colitis. And 


inserting bacteria isolated from healthy guts 
restored the microbial communities, curing 
chronic diarrhea in a patient infected with 
Clostridium difficile. 

Herbert Virgin of Washington University 
School of Medicine finds a similar role for 
the virome. In mice, his team found that dor- 
mant herpesviruses revved up the immune 
system just enough to make the mice less sus- 
ceptible to certain bacterial infections. 

The ideas of a microbiome and a virome 
didn’t even exist a decade ago. But now 
researchers have reason to hope they may 
one day manipulate the body’s viral and 
microbial inhabitants to improve health and 
fight sickness. 

—ELIZABETH PENNISI 
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Alien Planets Hit the 
Commodities Market 


There are countless suns and countless 
earths all rotating around their suns in 
exactly the same way as the seven planets 
of our system. We see only the suns because 
they are the largest bodies and are lumi- 
nous, but their planets remain invisible 
to us because they are smaller and non- 
luminous. —Giordano Bruno, 1584 


FOR HOLDING FIRM TO THIS IDEA OF PLURAL 
worlds, Giordano Bruno spent 7 years in a 
dungeon; then, on 17 February 1600, he was 
led to a public square in Rome and burned 
at the stake. If Bruno had had the power to 
summon the future, his best shot at survival 
might have been to show his inquisitors the 
Web page of the Extrasolar Planets Encyclo- 
pedia, circa 2010. Evidence from the year 
2000, when the planets in the encyclopedia 
numbered a mere 26, might not have done the 
trick. But the latest tally, 505 and counting, 
surely would have stayed their torches. 

In the past decade, astronomers have dis- 
covered so many planets outside of the solar 
system that only the weirdest of them now 
make the mainstream news—such as WASP- 
17, a giant planet discovered in August 2009, 
which orbits “backward,” or counter to the 
spin of its parent star. A software applica- 
tion for iPhones and iPads keeps track of exo- 
planet discoveries; the score crossed 500 as 
this article was being written. Hundreds more 
may soon follow as astronomers pursue some 
700 candidates that NASA’s Kepler space 
telescope detected in the first few months 
after its launch in March 2009. 

Although most of the planets discovered 
so far are gas giants, an analysis of the Kepler 
data has convinced researchers that smaller 


Earth-like planets abound in the universe 
and that improved detection capabilities in 
the coming years will turn up scores of them 
just in our galactic backyard. This insight has 
opened up the possibility of detecting life 
elsewhere in the universe within the lifetimes 
of young astronomers entering the field, if 
not sooner. Meanwhile, the sizes and orbits 
of planets already discovered are revolution- 
izing researchers’ understanding of how plan- 
etary systems form and evolve. 

The discovery of exoplanets began as a 
trickle in the previous decade, starting with 
the detection of “51 Pegasi b” in 1995 by a 
Swiss team led by Michel Mayor, followed 
the next year by the discoveries of five plan- 
ets by U.S. astronomers Geoffrey Marcy, Paul 
Butler, and their colleagues. By 2001, several 
other teams had joined the quest, and the pace 
of discovery quickened. 

The oldest and most popular technique for 
finding planets has been the use of Doppler 
spectroscopy—the blue-ward or red-ward 
shift in the light of a star as it wobbles under 
the gravitational tug of its orbiting planet. 
In 1999, astronomers also began detecting 
exoplanets by the transit technique, watch- 
ing for a star to dim slightly as its planet trav- 
els across its face. Transits have yielded the 
discovery or confirmation of more than 100 
planets to date. 

Since 2001, planet-hunters have added 
two more techniques to their toolbox. One is 
microlensing, in which a star briefly brightens 
as the gravity of another star in the foreground 
bends its light; changes in the brightening 
can reveal a planet orbiting the foreground 
star. Researchers led by Ian Bond of the 
Royal Observatory, Edinburgh, in the United 
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Plural worlds. The Kepler space telescope 
(below) has already spotted hundreds of 
candidate planets around other stars. 


Kingdom 
announced 
the first discovery of 
a planet through microlensing in 2004; 
the technique has led to 10 more finds since. 

In 2008, astronomers published the first 
direct images of exoplanets: tiny pinpricks of 
light close to a nearby star. With advances in 
adaptive optics, the technology that corrects 
for the blurring effect of the atmosphere on 
ground telescopes, and the development of 
better coronagraphs—devices that help block 
out the direct light from a star—astronomers 
hope to image many more planets directly. 

The diversity of planetary systems discov- 
ered to date has forced astronomers to revise 
their theories of how these systems arise and 
develop. The discovery of hot Jupiters orbit- 
ing very close to their parent star suggests 
that gas giants—thought to form far out from 
the star—can migrate inward over time. And 
the discovery of planets dancing around their 
stars in tilted or even retrograde orbits sug- 
gests that planets can be wrenched from 
their original birthplaces into odd orbits that 
astronomers could not have predicted. 

Astronomers expect Kepler to find sev- 
eral Earth-like planets in the next few years. 
Already, researchers are planning new 
ground- and space-based instruments to 
take spectra of the atmospheres of some of 
those habitable planets. Those atmospheres 
may bear signatures of life, such as oxygen, 
which researchers believe can be produced 
only by biological processes. If and when 
that happens, it would be the ultimate vin- 
dication of Bruno’s fatal vision of a cosmos 
teeming with worlds. 

-YUDHIJIT BHATTACHARJEE 
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Bares a Dark Side 
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NOT LONG AGO, INFLAMMATION HAD A CLEAR 
role: It was a sidekick to the body’s healers, 
briefly setting in as immune cells rebuilt tis- 
sue damaged by trauma or infection. Today, 
that’s an afterthought. Inflammation has hit 
the big time. Over the past decade, it has 
become widely accepted that inflammation 
is a driving force behind chronic diseases 
that will kill nearly all of us. Cancer. Diabe- 
tes and obesity. Alzheimer’s disease. Athero- 
sclerosis. Here, inflammation wears a grim 
mask, shedding its redeeming features and 
making sick people sicker. 

When a kitchen knife slips while you’re 
chopping vegetables, the body reacts swiftly. 
White blood cells swoop in and sterilize the 
injury, and the tissue-repair effort begins. 
This inflammatory response does have its 
downsides, causing swelling, redness, and 
pain. (Indeed, “inflammation” derives from 
the Latin verb inflammare, which means to 
set on fire.) But there’s no question that acute 
inflammation is a net positive, a response to 
trauma that evolved millennia ago to keep us 
alive and healthy. 

A darker story began to emerge in the 
1990s. Researchers peering at apparently 
unrelated diseases noticed that immune cells 
congregate at disease sites. Atherosclerosis, 
in which fatty plaques build up in the arter- 
ies, was among the first to make the list. In 
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Burrowing in. Macrophages were an early 
clue that chronic disease and inflammation are 
tightly linked. 
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the 1980s, the late Russell Ross of the Univer- 
sity of Washington, Seattle, saw macrophages 
in atherosclerotic tissue; these white blood 
cells are a hallmark of inflammation. Slowly, 
as more people parsed arterial tissue, more 
came to agree that an inflammatory response 
was under way. There were T cells. There 
was interferon-y, which the immune system 
produces as part of its inflammatory efforts. 
Also in the mix were gene variants identi- 
fied by the Icelandic company deCODE that 
predispose people to heart attacks by fueling 
inflammation in plaques. And then this April, 
researchers used a new microscopic technique 
to describe, in Nature, tiny crystals of choles- 
terol in arteries that induce inflammation at 
the earliest stages of disease in mice. 

Other conditions unrolled parallel story 
lines. In 1993, a group at Harvard Univer- 
sity found that fat tissue in obese mice was 
churning out a classic inflammatory protein. 
Ten years later, back-to-back papers showed 
a correlation between macrophage infiltra- 
tion of fat tissue in rodents and people and 
how obese they were. Newcomers to the 
inflammatory story include neurodegenera- 
tive diseases such as Alzheimer’s and Par- 
kinson’s. Here, it’s murkier whether inflam- 
mation is perpetuating disease or just along 
for the ride. 

In most chronic illnesses for which inflam- 
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mation has been fingered, it appears to drive 
ill health but not initiate it. In cancer, for 
example, papers published over the past 
decade suggest that tumors and inflamma- 
tion dance together toward disaster: Tumors 
distort healthy tissue, setting off tissue repair, 
which in turn promotes cell proliferation and 
blood vessel growth, helping cancers expand. 
And although it’s genetic mutations in tumor 
cells that initiate cancer, there’s evidence that 
inflammation in surrounding tissue helps 
coax those cells along. 

In cancer, inflammation shows up at least 
partly for the same reasons it normally does: 
tissue injury. Elsewhere, its appearance is 
more mysterious. In neurodegenerative con- 
ditions, for example, there’s some tissue 
damage from loss of neurons, which could 
prod inflammation—but there’s evidence, 
too, that inflammation is helping kill neu- 
rons. Inflammation also seems to promote 
two components of type 2 diabetes: insulin 
resistance and the death of pancreatic beta 
cells that produce insulin. 

When it comes to obesity, it’s unclear why 
inflammation permeates fat tissue. But theo- 
ries are percolating. One cites a misguided 
immune response: Fat cells in obese individ- 
uals are not metabolically normal, and the 
immune system perceives them as needing 
help and sends macrophages to the rescue, 
even though they only do harm. 

The surest way to prove that inflammation 
is driving any disease is by blocking it and 
testing whether that helps, and experiments 
are under way. In 2007, Marc Donath of Uni- 
versity Hospital of Zurich in Switzerland 
and his colleagues described results from a 
clinical trial of type 2 diabetes that had once 
been dismissed as crazy. Seventy patients 
received either a placebo or anakinra, a 
drug used occasionally to treat rheumatoid 
arthritis that blocks interleukin-1. IL-1 is a 
proinflammatory cytokine, a protein that 
promotes inflammation; it’s been found in 
beta cells from people with type 2 diabetes. In 
Donath’s small study, published in The New 
England Journal of Medicine, the drug 
helped control the disease. Anakinra is not 
a good option for long-term diabetes treat- 
ment, so several companies are racing to 
develop alternatives. 

Mediating inflammation in chronic dis- 
eases is a new frontier, its success still uncer- 
tain. But after inflammation eluded them for 
so long, researchers are chasing lead after 
lead, trying to stay a step ahead and discern 
when its fires need putting out. 

—JENNIFER COUZIN-FRANKEL 
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INSIGHTS OF THE DECADE 
Strange New Tricks With Light 


THREE CENTURIES AFTER ISAAC NEWTON 
published his Opticks, that ages-old science 
got really weird. In the past decade, physicists 
and engineers pioneered new ways to guide 
and manipulate light, creating lenses that defy 
the fundamental limit on the resolution of an 
ordinary lens and even constructing “cloaks” 
that make an object invisible—sort of. 

The feats sprang from a roughly 50-50 
mixture of a new technology and one oh-so- 
clever idea. The technology was “metamate- 
rials”: assemblages of little rods, rings, and 
wires that act like materials with bizarre opti- 
cal properties. The idea was transformation 
optics, a scheme that tells scientists how to tai- 
lor the properties of a metamaterial to achieve 
an effect like cloaking. 

Metamaterials work by steering light and 
other electromagnetic waves. When light 
waves enter normal materials such as glass, 
the material alters the electric and magnetic 
fields in the light, slowing the waves to a par- 
ticular new speed. The deceleration gives 
the new medium a different refractive index. 
This effect explains why a straw in a glass of 
water appears to bend at the surface of the 
water. In natural materials, light waves enter- 
ing at an angle always bend to plunge more 
steeply into the material—the hallmark of a 
refractive index greater than 1. 

Back in 1968, Victor Veselago, a Rus- 
sian physicist, reasoned that a material might 
be engineered to create a negative index of 
refraction and bend light waves more radi- 
cally. If water had a negative index of refrac- 
tion, then a straw placed in a glass would 
appear to bend back under itself. Such a mate- 
rial, Veselago determined, could form a super- 
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lens: a flat sheet capable of focusing light even 
better than curved lenses do. The notion sat 
dormant for decades. Then, in the late 1990s, 
John Pendry, a physicist at Imperial College 
London, and colleagues determined that the 
long, thin shape of carbon nanotubes helped 
them absorb radio waves. 

Pendry started pondering how other arti- 
ficial materials might affect electromagnetic 
waves. Copper wires and slitted rings will 
ring, or “resonate,” with electric and mag- 
netic fields of specific frequencies, and 
Pendry realized that by playing with those 
resonances he could tune the electric and 
magnetic properties of a metamaterial inde- 
pendently to achieve a negative refractive 
index for microwaves. He also reasoned that it 
should be possible to build Veselago’s 
superlens to see objects smaller 
than one-half the wavelength 
of the light it transmits. No 
conventional lens can beat 
that “diffraction limit.” 
But metamaterials, Pendry 
realized, might do it by 
amplifying tiny reso- 
nances, called evanescent 
waves, that light creates 
under certain conditions. 

Pendry’s ideas touched off a tor- 
rent of experiments. In 2001, Pendry teamed 
up with physicist David Smith, then at the 
University of California (UC), San Diego, 
and now at Duke University in Durham, 
North Carolina, to build Pendry’s negative- 
refractive-index material for microwaves— 
although it took them a few years to convince 
the scientific community that it worked. Just 
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Now you see it. Metamaterials make it possible 
to steer light around an object, creating an artifi- 
cial blind spot (below). A disk version works with 
microwaves (left). 


a few years later, other teams reported ini- 
tial success in making a superlens and related 
devices called hyperlenses. 

Then things got really strange. In May 
2006, Pendry and colleagues and, indepen- 
dently, Ulf Leonhardt, a theorist at the Uni- 
versity of St. Andrews in the United King- 
dom, reported that metamaterials could be 
used to render an object invisible by steering 
light around it the way water streams around 
a boulder. Just 5 months later, Smith, his 
postdoc David Schurig (now at North Caro- 
lina State University in Raleigh), and other 
colleagues unveiled such a ring-shaped 
cloaking device. 

The device wasn’t perfect; it worked only 
for microwaves of a specific frequency. The 
real advance lay in the concept behind it. In 
his theory of general relativity, Einstein real- 
ized that space and time can stretch and warp 
in ways that change the trajectory of light. 
So Leonhardt and Pendry imagined bending 
space to steer light around a circular region, 
making anything inside that hole invisible. 

The theorists realized that they could 
mimic this extreme stretching of space by fill- 
ing an unwarped region of space with a meta- 
material whose electric and magnetic proper- 
ties vary in a specific way. They laid out the 
mathematical theory for making that trans- 
formation. In principle, that theory enables 
experimenters to bend light pretty much any 
way they want, provided they can sculpt a 

metamaterial accordingly. 

The wonders keep coming. In 
2008, researchers built a micro- 
wave cloak that works over a 
range of wavelengths. That 

same year, UC Berkeley 

physicist Xiang Zhang and 

colleagues created the first 

cloaking device that worked 
in three dimensions. Related 
cloaks have been made to work 
with infrared rays and visible light. 

Where all of this will lead is hard to 

say. Much to the disappointment of Harry 
Potter fans, cloaking a human-sized object at 
visible wavelengths seems like a long shot. 
But metamaterials for microwaves could have 
myriad practical uses. And the idea of trans- 
formation optics is so beautiful that it would 
seem a profligate waste of inspiration if it 
didn’t lead to something useful. 

—ROBERT F. SERVICE AND ADRIAN CHO 
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Climatologists Feel the Heat 


2008 2003 


As Science Meets Politics 


MOST INSIGHTS COME AS A SURPRISE: 
a burst of understanding, an elegant solution 
to a problem. This decade’s main insight in 
climate science was a different breed. For 
40 years, researchers had wrestled with 
three big questions: Is the world warming? 
If so, are humans behind the warming? And 
are natural processes likely to rein it in? In 
the past few years, climate scientists finally 
agreed on solid answers: yes, yes, and no— 
just as they had suspected. 

There were surprises, and they were 
bad ones. The effects of rising greenhouse 
gases on oceans and polar ice were swifter 
than models had predicted. Yet, faced with 
the obvious remedy—cutting carbon emis- 
sions—the world balked. In the United 
States, even as the science grew stronger, a 
political backlash forced climate scientists 
to defend their credibility and motives. 

The sudden reversal blindsided global- 
warming researchers. They had been issuing 
assessments of the state of greenhouse-warm- 
ing science under the aegis of one organiza- 
tion or another since 1979; in 1990, the new 
United Nations Intergovernmental Panel on 
Climate Change (IPCC) took the lead. IPCC’s 
second assessment, released in 1995, asserted 
mildly that “the balance of evidence suggests” 
that humans were influencing global climate. 
But by 2007, IPCC had reached a solid sci- 
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entific consensus: Warming was “unequivo- 
cal,” it was “very likely” due mostly to human 
beings, and natural processes were “very 
unlikely” to blunt its strength. The breadth and 
depth of the IPCC process seemed to drown 
out the small but well-publicized chorus of 
climate contrarians. 

Developments around the globe ampli- 
fied the message. In the 1980s and ’90s, 
most researchers thought the projected 
impacts of rising greenhouse gases wouldn’t 
hit hard until well into the 21st century. But 
by the mid-2000s, summertime Arctic sea 
ice was obviously disappearing, ice shelves 
were falling apart, and Greenland and West 
Antarctic glaciers were rushing to the sea. 
Hurricane Katrina inundated New Orleans 
just as scientists were debating how the 
greenhouse could intensify and multiply 
hurricanes. Even ocean acidification was an 
observational fact by decade’s end. In April 
2006, a cover story in Time magazine treated 
global warming as a given and warned 
starkly: “Be Worried. Be Very Worried.” 

But powerful nations were acting any- 
thing but. As a presidential candidate in 
2000, George W. Bush had pledged to reg- 
ulate CO,; as president, he swiftly reneged 
and refused to sign the Kyoto Protocol, an 
emissions-limiting treaty that 187 countries 
had ratified 3 years earlier. There followed 
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Both sides now. Global warming’s impacts— 
both drying and wetting—have come sooner 
than expected. 


years of efforts by the Bush Administration 
to alter a handful of climate science reports 
to downplay the possible effects of climate 
change, while lawmakers in Washington 
and negotiators overseas repeatedly failed 
to pass comprehensive U.S. or international 
regulations. Europe had some initial success 
with its cap-and-trade system, but even the 
World Wildlife Fund says there is “no indi- 
cation that the scheme is as yet influencing 
longer-term investment decisions.” 

A new Administration in Washington 
brought a change in tone but not in course. 
During the 2008 presidential campaign, 
Barack Obama pledged to cut U.S. emis- 
sions 80% by 2050 relative to 1990; after the 
election, the U.S. House of Representatives 
passed a law that did basically that. But the 
bill died in the Senate this year, after Presi- 
dent Obama failed to secure a binding treaty 
on emissions at key negotiations in Copen- 
hagen in December 2009. 

That November, the release of e-mail cor- 
respondence among scientists, taken from the 
servers of the University of East Anglia in the 
United Kingdom, had given climate science 
a jolt of bad publicity. Five panels of experts 
later absolved the scientists of scientific mal- 
feasance. Even so, the event may have pro- 
foundly damaged public views of climate 
science, with political repercussions yet to 
unfold. Last month’s U.S. congressional elec- 
tions may hint at things to come: Most Repub- 
licans who won election to the House and 
nearly all Republican Senate candidates have 
questioned the fundamental science behind 
climate change, and a few of them denounce 
the entire field as a conspiracy. “The war on 
climate science and scientists that’s going on 
now makes the Bush Administration look 
moderate,” says Rick Piltz, a White House 
climate official from 1995 to 2005 who now 
heads the watchdog group Climate Science 
Watch in Washington, D.C. 

There are hints of movement. The U.S. 
Environmental Protection Agency is girding 
for battle to cut emissions of big power plants, 
and China, Indonesia, Brazil, and India have 
recently made their first-ever commitments to 
tackle emissions. But “climate hawks” have 
lost time and momentum, and many experts 
now think that adapting to a warming planet, 
not mitigating emissions, will dominate pol- 
icy discussions in the decade ahead. 

—-RICHARD A. KERR AND ELI KINTISCH 
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China's Plan Flawed 
But Courageous 


IN HER NEWS FOCUS STORY “HAS CHINA OUT- 
grown the one-child policy?” (17 September, 
p. 1458), M. Hvistendahl explores the con- 
sequences of China’s fertility policies. 
Overall, the story presents the one-child pol- 
icy in a negative light, buttressed by statisti- 
cal data, such as the current gender ratio of 
119:100 at birth and the projected graying of 
the Chinese population. These data are accu- 
rate but misleadingly incomplete. The single 
most relevant statistic is the one that drove 
the original decision to implement the pol- 
icy: the total population of China as a func- 
tion of time. Even with the reduced popu- 
lation growth that came with the one-child 
policy and with China’s rapid shift toward 
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an urbanized and export-driven economy, 
those numbers are sobering. In 1960, China 
had a population of 646 million; in 1980, it 
was 981 million; by 2000, it had grown to 
1.267 billion; and in 2010, it is projected 
to be 1.354 billion (/). In the past 50 years, 
China’s population has increased by an 
amount equal to or greater than the popu- 
lation of all of Central and North America 
(~500 million). Without defending or criti- 
cizing the one-child policy, we can at least 
recognize that it stands as a brave attempt by 
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the inhabitants of an overcrowded planet to 
create a more livable future for our children 
and grandchildren. 
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Readers’ Picks 
TALK 


Your Breakthrough Nominations 


EVERY YEAR, THE EDITORS AT SC/ENCE GET TOGETHER TO LOOK 
back and decide which scientific advances merit the title of Breakthrough 
of the Year. This year, we also asked you, our readers, to weigh in with 
your nominations on our Web site. You responded immediately with a 
wide range of worthy ideas, and your comments were still pouring in as 
the magazine went to press. 

As it turned out, almost all of your nominations overlapped with our 
selections. However, you felt that our number-one pick, the first quan- 
tum machine, was a distant dark horse to the synthetic-biology results we 
deemed a runner-up. 

You also pointed to some results that didn’t make our list. Of these 
nominations, the overwhelming favorite was the arsenic-based bacterium 
that Science published online on 2 December. The News editors who 
selected our breakthroughs agree that the idea of a life form with arsenic 
in its DNA is, as one of you put it, “effing badass!” But because the paper 
ran late in the year, we feel it is prudent to allow for further analysis before 
giving it a nod. Other recent results you felt warranted attention, such as 
the apparent reversal of aging in genetically engineered mice by research- 
ers at Harvard University, fell into our wait-and-see category as well. 
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CERN physicists’ success in trapping atoms of antihydrogen, reported 
in November, also justifiably impressed readers. We passed it over only 
because it’s sure to be quickly overshadowed by follow-up experiments to 
measure critical properties of the mysterious antimatter. 

The rest of your suggestions were all over the scientific map. They 
include basic research (the crystal structure of the eukaryotic ribosome and 
quantum entanglement in solid-state circuits); far-flung results such as the 
detection of free oxygen on Saturn’s moon Rhea (“totally amazing”); vari- 
ous transformations of stem cells; and mind-boggling speculations from 
theoretical physics (the holographic universe). Only a couple of inven- 
tions crept in, notably a mechanical walker for paralyzed people. One tech- 
minded reader asked, “Is there any way we can sneak the commercial real- 
ization of memristors in here?” (That's not Science's kind of breakthrough, 
but you could try Business Week.) 

We thank the many readers who participated in our Breakthrough 
discussion. You can read all the suggestions sent by your fellow read- 
ers, including those sent after our press deadline, at Science's Talk page 
(talk.sciencemag.org) and the Facebook page for our online news outlet, 
ScienceNOW. SCIENCE NEWS STAFF 
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Regulating Genetic Tests: 


Account for Benefits 


THE POLICY FORUM “REGULATING DIRECT-TO- 
consumer personal genome testing” (A. L. 
McGuire et al., 8 October, p. 181) perpetu- 
ates the myth that risk-based stratification 
represents the best way to regulate direct-to- 
consumer genome tests. In fact, risk-based 
regulation fails to account for tolerability of 
risk (/), where the greater the expected ben- 
efit, the greater should be the tolerability 
of risk. The proposed method would likely 
delay access to all test results deemed high 
risk, regardless of the potential benefit of 
those results to the patient. 

Sophisticated regulation based on toler- 
ability of risk reduces the approval time and 
evidentiary requirements for the products 
with the highest potential for benefit. The 
U.S. Food and Drug Administration (FDA) 
already applies this strategy by granting an 
accelerated approval process for life-saving 
drugs, yet the agency often appears to take the 
opposite approach for diagnostic tests. This is 
an important issue as FDA considers expand- 
ing its reach into tests developed in labora- 
tories. For many direct-to-consumer genetic 
tests, it is the absence of actionable benefit 
that appropriately reduces the tolerability of 
risk, not a high level of risk in absolute terms. 
The Policy Forum should have more explic- 
itly stated that for patients, the harm caused 
by delaying a new test can be greater than the 
benefit of the regulation itself. 

STEPHEN A. WILLIAMS 
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USA. E-mail: swilliams@somalogic.com 


Reference 

1. F. Bouder, D. Slavin, R. Lofstedt, The Tolerability of Risk: 
A New Framework for Risk Management (Earthscan, 
London, 2007). 


Regulating Genetic Tests: 


Who Owns the Data? 


DIRECT-TO-CONSUMER (DTC) GENETIC TEST- 
ing is not as dangerous as A. L. McGuire er 
al. suggest (“Regulating direct-to-consumer 
personal genome testing,” Policy Forum, 
8 October, p. 181). The belief that genetic 
information will compel consumers to 
behave unreasonably is unfounded. 

Unlike the classical genetic tests that 
look for rare genetic abnormalities (such 
as Huntington’s disease), genetic tests sold 
directly to consumers cannot diagnose a 
disease. They merely provide information 
about DNA sequence variations, or single- 
nucleotide polymorphisms (SNPs). Certain 
SNPs can be found more often among indi- 


viduals with a particular disease or condi- 
tion. For example, one particular combina- 
tion of two SNPs in the APOE gene occurs 
3 to 20 times more frequently in individu- 
als with Alzheimer’s (/). Consequently, a 
person with this particular combination of 
SNPs could be at a greater risk to develop 
Alzheimer’s; the mere presence of these 
SNPs is not diagnostic. 

There is no reason to require government 
approval before allowing a person to see 
his or her own genetic information. After 
receiving results that indicate a health- 
related risk, a person will likely see a doctor 
to determine the next appropriate step. This 
action would be no different from a per- 
son’s response to learning that he or she has 
increased blood pressure, cholesterol, or 
weight. Should DTC sales of weight scales 
be regulated too? 

The real question is what will happen if 
governments, big pharma, committees, and 
other faceless bodies gain control of our 
genetic information. College admissions 
based on genotype? Advertising geared to 
those with a particular SNP? This is a ques- 
tion for the ethicists to ponder. 

ANDRIUS BASKYS 
Department of Psychiatry and Human Behavior, Univer- 
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abaskys@uci.edu 
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Response 
IN OUR POLICY FORUM “REGULATING DIRECT- 
to-consumer personal genome testing” 
(8 October, p. 181), we recommend a risk- 
stratified regulatory approach for direct-to- 
consumer (DTC) genetic tests. If tests are 
low risk (as existing data indicate for the vast 
majority of tests sold DTC ) then the over- 
sight should be minimal and should focus on 
ensuring that consumers have accurate and 
truthful information. Only high-risk tests 
would be subject to greater oversight and 
enhanced scrutiny by agencies such as the 
U.S. Food and Drug Administration (FDA). 
Williams argues that this type of risk- 
based strategy fails to account for the impact 
of benefit on the tolerability of risk. We agree 
that benefit is an important consideration. A 
high-risk test that has the potential to ben- 
efit consumers significantly, and thus has 
proven therapeutic utility, should be cleared 
or approved for distribution. In fact, the sort 
of external data-driven review that would 
be required to assess benefit is precisely 
what the FDA would provide when evaluat- 
ing a high-risk new test product. However, 
the primary goal of regulatory oversight is 


to ensure consumer safety, so regardless of 
the potential for benefit, a test that poses sig- 
nificant risk ought to be subject to external 
review. The data required for the review in 
this circumstance allow regulators to take 
into account both risks and benefits. 
Williams also argues that delayed access 
to a new test may prevent the introduction of 
life-saving diagnostics. We are not aware of 
any evidence that life-saving genetic tests, 
such as those used in newborn screening, are 
being delayed, but we agree that waiting for 
robust effectiveness data could effectively 
regulate DTC companies out of existence 
and should be avoided. We therefore believe 
that the FDA’s premarket oversight should 
focus on the legitimacy of claims made 
and that there should be enhanced post- 
market data collection and surveillance. 
This approach is quite flexible in terms of 
the amount and type of evidence required 
for a test to move to market. It is more hos- 
pitable to innovative tests than is the case 
in many other countries, such as Germany, 
where DTC testing has been banned. 
Baskys believes that all individuals have 
a right to receive their genetic information. 
We do not necessarily disagree. We sim- 
ply argue that consumers need access to 
accurate and truthful information in order 
to make informed decisions. For tests that 
have the potential to influence important 
medical decisions, this includes contextual 
information about the individual’s other 
risk factors, including family history, envi- 
ronmental exposures, and biological symp- 
toms. We agree that there is a dearth of 
scientific evidence on the potential risks 
associated with receiving genetic infor- 
mation DTC; there is also a lack of evi- 
dence of the potential benefits. As noted by 
Baskys, there are few, if any, DTC tests that 
have as much predictive value as a blood 
pressure test or a weight scale. Indeed, 
available evidence tells us that genetic risk 
information does little to motivate healthy 
behavior change (/). Given this reality, it 
seems appropriate that the vast majority of 
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DTC tests will not require significant over- 
sight, as per our stratified approach. 
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CORRECTIONS AND CLARIFICATIONS 


Books et al.: “How neuromythologies support sex role 
stereotypes” by D. F. Halpern (3 December, p. 1320). An 
error was introduced during the production process. Refer- 
ence 5 should read: R. A. Lippa, M. L. Collaer, M. Peters, 
Arch. Sex. Behav. 39, 997 (2010). 


Reports: “A low-magnetic-field soft gamma repeater” 
by N. Rea et al. (12 November, p. 944). Paolo Esposito’s 


LETTERS 


affiliation contained an error. He is at the Osservatorio 
Astronomico di Cagliari. The affiliation has been corrected 
in the HTML version online. 


Random Samples: “What, us bitter?” (8 October, p. 157). 
The accompanying photograph mistakenly showed a scene 
in the Swiss Alps, not the Pamir Mountains. 


species of Homo-like Australopith from South Africa” by 
L. R. Berger et al. (9 April, p. 195). In the legend for Fig. 
3, the mesiodistal diameter of the RM2 of the mandible 
of the adult individual MH2 should be 13.1 mm (not 
14.1 mm). In Fig. 4, the specimen number of the pelvis 
of Australopithecus afarensis (Lucy) should be A.L. 288-1 
(not A.L. 228-1). These errors do not affect the Research 


Research Articles: “Australopithecus sediba: A new Article's conclusions. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “The Incidence of Fire in Amazonian Forests with Implications 
for REDD” 


Jennifer K. Balch, Daniel C. Nepstad, Paulo M. Brando, Ane Alencar 


Aragao and Shimabukuro (Reports, 4 June 2010, p. 1275) reported that fires increase in agricultural frontiers 
even as deforestation decreases and concluded that these fires lead to unaccounted carbon emissions under the 
United Nations climate treaty’s tropical deforestation and forest degradation component. Emissions from post- 
deforestation management activities are, in fact, included in these estimates—but burning of standing forests is not. 


Full text at www.sciencemag.org/cgi/content/ful/330/6011/1627-b 


Response to Comment on “The Incidence of Fire in Amazonian Forests with 
Implications for REDD” 


Luiz E. O. C. Aragao and Yosio E. Shimabukuro 

Balch et al. suggest that the increased fire frequency reported in our study is principally due to post-deforestation 
activities. We present a new analysis demonstrating that for the majority of grid cells with positive fire trends, there 
is a low likelihood that these trends have resulted exclusively from post-deforestation activities. We therefore con- 
firm that fires pose a growing threat to reducing emissions from deforestation and degradation (REDD) policies. 
Full text at www.sciencemag.org/cgi/content/full/330/6011/1627-c 


Call for 


Science Translational Medicine 


Integrating Medicine and Science 


Papers 


Science Translational Medicine, from 
AAAS, the publisher of Science, focuses 
on the conversion of basic biomedical 
research into practical applications, thus 
bridging the research-to-application gap, 
linking basic scientists and researchers. 


Chief Scientific Adviser 
Elias A. Zerhouni, M.D. 
Former Director, 


National Institutes of Health For more information see 


ScienceTranslationalMedicine.org or 
contact scitranslmededitors@aaas.org 


Submit your research at 
www.submit2scitranslmed.org 


Science 4 
Tr ansh ationa 


Medicine 


www.sciencemag.org SCIENCE VOL 330 
Published by AAAS 


17 DECEMBER 2010 


Submit your manuscripts for 
review in the following areas 
of translational medicine: 
Cardiovascular Disease 
Neuroscience/Neurology/ 
Psychiatry 
Infectious Diseases 
Cancer 
Health Policy 
Bioengineering 
Chemical Genomics/ 
Drug Discovery 


Other Interdisciplinary 
Approaches to Medicine 


Science ; 
Translational 
Medicine 


ScienceTranslationalMedicine.org 


1627 


Downloaded from www.sciencemag.org on December 16, 2010 


CREDIT: ISTOCKPHOTO.COM 


Connections 
and health 


LETTERS 


edited by Jennifer Sills 


China's Plan Flawed 
But Courageous 


IN HER NEWS FOCUS STORY “HAS CHINA OUT- 
grown the one-child policy?” (17 September, 
p. 1458), M. Hvistendahl explores the con- 
sequences of China’s fertility policies. 
Overall, the story presents the one-child pol- 
icy in a negative light, buttressed by statisti- 
cal data, such as the current gender ratio of 
119:100 at birth and the projected graying of 
the Chinese population. These data are accu- 
rate but misleadingly incomplete. The single 
most relevant statistic is the one that drove 
the original decision to implement the pol- 
icy: the total population of China as a func- 
tion of time. Even with the reduced popu- 
lation growth that came with the one-child 
policy and with China’s rapid shift toward 


Intellectual property 
and genetic tests 


an urbanized and export-driven economy, 
those numbers are sobering. In 1960, China 
had a population of 646 million; in 1980, it 
was 981 million; by 2000, it had grown to 
1.267 billion; and in 2010, it is projected 
to be 1.354 billion (/). In the past 50 years, 
China’s population has increased by an 
amount equal to or greater than the popu- 
lation of all of Central and North America 
(~500 million). Without defending or criti- 
cizing the one-child policy, we can at least 
recognize that it stands as a brave attempt by 
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the inhabitants of an overcrowded planet to 
create a more livable future for our children 
and grandchildren. 
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Readers’ Picks 
TALK 


Your Breakthrough Nominations 


EVERY YEAR, THE EDITORS AT SC/ENCE GET TOGETHER TO LOOK 
back and decide which scientific advances merit the title of Breakthrough 
of the Year. This year, we also asked you, our readers, to weigh in with 
your nominations on our Web site. You responded immediately with a 
wide range of worthy ideas, and your comments were still pouring in as 
the magazine went to press. 

As it turned out, almost all of your nominations overlapped with our 
selections. However, you felt that our number-one pick, the first quan- 
tum machine, was a distant dark horse to the synthetic-biology results we 
deemed a runner-up. 

You also pointed to some results that didn’t make our list. Of these 
nominations, the overwhelming favorite was the arsenic-based bacterium 
that Science published online on 2 December. The News editors who 
selected our breakthroughs agree that the idea of a life form with arsenic 
in its DNA is, as one of you put it, “effing badass!” But because the paper 
ran late in the year, we feel it is prudent to allow for further analysis before 
giving it a nod. Other recent results you felt warranted attention, such as 
the apparent reversal of aging in genetically engineered mice by research- 
ers at Harvard University, fell into our wait-and-see category as well. 
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CERN physicists’ success in trapping atoms of antihydrogen, reported 
in November, also justifiably impressed readers. We passed it over only 
because it’s sure to be quickly overshadowed by follow-up experiments to 
measure critical properties of the mysterious antimatter. 

The rest of your suggestions were all over the scientific map. They 
include basic research (the crystal structure of the eukaryotic ribosome and 
quantum entanglement in solid-state circuits); far-flung results such as the 
detection of free oxygen on Saturn’s moon Rhea (“totally amazing”); vari- 
ous transformations of stem cells; and mind-boggling speculations from 
theoretical physics (the holographic universe). Only a couple of inven- 
tions crept in, notably a mechanical walker for paralyzed people. One tech- 
minded reader asked, “Is there any way we can sneak the commercial real- 
ization of memristors in here?” (That's not Science's kind of breakthrough, 
but you could try Business Week.) 

We thank the many readers who participated in our Breakthrough 
discussion. You can read all the suggestions sent by your fellow read- 
ers, including those sent after our press deadline, at Science's Talk page 
(talk.sciencemag.org) and the Facebook page for our online news outlet, 
ScienceNOW. SCIENCE NEWS STAFF 
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Regulating Genetic Tests: 


Account for Benefits 


THE POLICY FORUM “REGULATING DIRECT-TO- 
consumer personal genome testing” (A. L. 
McGuire et al., 8 October, p. 181) perpetu- 
ates the myth that risk-based stratification 
represents the best way to regulate direct-to- 
consumer genome tests. In fact, risk-based 
regulation fails to account for tolerability of 
risk (/), where the greater the expected ben- 
efit, the greater should be the tolerability 
of risk. The proposed method would likely 
delay access to all test results deemed high 
risk, regardless of the potential benefit of 
those results to the patient. 

Sophisticated regulation based on toler- 
ability of risk reduces the approval time and 
evidentiary requirements for the products 
with the highest potential for benefit. The 
U.S. Food and Drug Administration (FDA) 
already applies this strategy by granting an 
accelerated approval process for life-saving 
drugs, yet the agency often appears to take the 
opposite approach for diagnostic tests. This is 
an important issue as FDA considers expand- 
ing its reach into tests developed in labora- 
tories. For many direct-to-consumer genetic 
tests, it is the absence of actionable benefit 
that appropriately reduces the tolerability of 
risk, not a high level of risk in absolute terms. 
The Policy Forum should have more explic- 
itly stated that for patients, the harm caused 
by delaying a new test can be greater than the 
benefit of the regulation itself. 

STEPHEN A. WILLIAMS 
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USA. E-mail: swilliams@somalogic.com 
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Regulating Genetic Tests: 


Who Owns the Data? 


DIRECT-TO-CONSUMER (DTC) GENETIC TEST- 
ing is not as dangerous as A. L. McGuire er 
al. suggest (“Regulating direct-to-consumer 
personal genome testing,” Policy Forum, 
8 October, p. 181). The belief that genetic 
information will compel consumers to 
behave unreasonably is unfounded. 

Unlike the classical genetic tests that 
look for rare genetic abnormalities (such 
as Huntington’s disease), genetic tests sold 
directly to consumers cannot diagnose a 
disease. They merely provide information 
about DNA sequence variations, or single- 
nucleotide polymorphisms (SNPs). Certain 
SNPs can be found more often among indi- 


viduals with a particular disease or condi- 
tion. For example, one particular combina- 
tion of two SNPs in the APOE gene occurs 
3 to 20 times more frequently in individu- 
als with Alzheimer’s (/). Consequently, a 
person with this particular combination of 
SNPs could be at a greater risk to develop 
Alzheimer’s; the mere presence of these 
SNPs is not diagnostic. 

There is no reason to require government 
approval before allowing a person to see 
his or her own genetic information. After 
receiving results that indicate a health- 
related risk, a person will likely see a doctor 
to determine the next appropriate step. This 
action would be no different from a per- 
son’s response to learning that he or she has 
increased blood pressure, cholesterol, or 
weight. Should DTC sales of weight scales 
be regulated too? 

The real question is what will happen if 
governments, big pharma, committees, and 
other faceless bodies gain control of our 
genetic information. College admissions 
based on genotype? Advertising geared to 
those with a particular SNP? This is a ques- 
tion for the ethicists to ponder. 

ANDRIUS BASKYS 
Department of Psychiatry and Human Behavior, Univer- 
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abaskys@uci.edu 
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Response 
IN OUR POLICY FORUM “REGULATING DIRECT- 
to-consumer personal genome testing” 
(8 October, p. 181), we recommend a risk- 
stratified regulatory approach for direct-to- 
consumer (DTC) genetic tests. If tests are 
low risk (as existing data indicate for the vast 
majority of tests sold DTC ) then the over- 
sight should be minimal and should focus on 
ensuring that consumers have accurate and 
truthful information. Only high-risk tests 
would be subject to greater oversight and 
enhanced scrutiny by agencies such as the 
U.S. Food and Drug Administration (FDA). 
Williams argues that this type of risk- 
based strategy fails to account for the impact 
of benefit on the tolerability of risk. We agree 
that benefit is an important consideration. A 
high-risk test that has the potential to ben- 
efit consumers significantly, and thus has 
proven therapeutic utility, should be cleared 
or approved for distribution. In fact, the sort 
of external data-driven review that would 
be required to assess benefit is precisely 
what the FDA would provide when evaluat- 
ing a high-risk new test product. However, 
the primary goal of regulatory oversight is 


to ensure consumer safety, so regardless of 
the potential for benefit, a test that poses sig- 
nificant risk ought to be subject to external 
review. The data required for the review in 
this circumstance allow regulators to take 
into account both risks and benefits. 
Williams also argues that delayed access 
to a new test may prevent the introduction of 
life-saving diagnostics. We are not aware of 
any evidence that life-saving genetic tests, 
such as those used in newborn screening, are 
being delayed, but we agree that waiting for 
robust effectiveness data could effectively 
regulate DTC companies out of existence 
and should be avoided. We therefore believe 
that the FDA’s premarket oversight should 
focus on the legitimacy of claims made 
and that there should be enhanced post- 
market data collection and surveillance. 
This approach is quite flexible in terms of 
the amount and type of evidence required 
for a test to move to market. It is more hos- 
pitable to innovative tests than is the case 
in many other countries, such as Germany, 
where DTC testing has been banned. 
Baskys believes that all individuals have 
a right to receive their genetic information. 
We do not necessarily disagree. We sim- 
ply argue that consumers need access to 
accurate and truthful information in order 
to make informed decisions. For tests that 
have the potential to influence important 
medical decisions, this includes contextual 
information about the individual’s other 
risk factors, including family history, envi- 
ronmental exposures, and biological symp- 
toms. We agree that there is a dearth of 
scientific evidence on the potential risks 
associated with receiving genetic infor- 
mation DTC; there is also a lack of evi- 
dence of the potential benefits. As noted by 
Baskys, there are few, if any, DTC tests that 
have as much predictive value as a blood 
pressure test or a weight scale. Indeed, 
available evidence tells us that genetic risk 
information does little to motivate healthy 
behavior change (/). Given this reality, it 
seems appropriate that the vast majority of 
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DTC tests will not require significant over- 
sight, as per our stratified approach. 
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Books et al.: “How neuromythologies support sex role 
stereotypes” by D. F. Halpern (3 December, p. 1320). An 
error was introduced during the production process. Refer- 
ence 5 should read: R. A. Lippa, M. L. Collaer, M. Peters, 
Arch. Sex. Behav. 39, 997 (2010). 


Reports: “A low-magnetic-field soft gamma repeater” 
by N. Rea et al. (12 November, p. 944). Paolo Esposito’s 


LETTERS 


affiliation contained an error. He is at the Osservatorio 
Astronomico di Cagliari. The affiliation has been corrected 
in the HTML version online. 


Random Samples: “What, us bitter?” (8 October, p. 157). 
The accompanying photograph mistakenly showed a scene 
in the Swiss Alps, not the Pamir Mountains. 


species of Homo-like Australopith from South Africa” by 
L. R. Berger et al. (9 April, p. 195). In the legend for Fig. 
3, the mesiodistal diameter of the RM2 of the mandible 
of the adult individual MH2 should be 13.1 mm (not 
14.1 mm). In Fig. 4, the specimen number of the pelvis 
of Australopithecus afarensis (Lucy) should be A.L. 288-1 
(not A.L. 228-1). These errors do not affect the Research 
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even as deforestation decreases and concluded that these fires lead to unaccounted carbon emissions under the 
United Nations climate treaty’s tropical deforestation and forest degradation component. Emissions from post- 
deforestation management activities are, in fact, included in these estimates—but burning of standing forests is not. 
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Comment on “The Incidence 
of Fire in Amazonian Forests with 
Implications for REDD" 


Jennifer K. Balch,7?* Daniel C. Nepstad,* Paulo M. Brando,? Ane Alencar?* 


Aragao and Shimabukuro (Reports, 4 June 2010, p. 1275) reported that fires increase in 
agricultural frontiers even as deforestation decreases and concluded that these fires lead to 
unaccounted carbon emissions under the United Nations climate treaty's tropical deforestation 
and forest degradation component. Emissions from post-deforestation management activities 
are, in fact, included in these estimates—but burning of standing forests is not. 


face allow us to map active fires and smoke 

under a range of conditions, but do not re- 
liably detect fires that burn beneath the cano- 
pies of standing moist tropical forests (/). Until 
we can quantify the types of human-caused fires 
across Amazonia (2), not just the occurrence of 
fire, the carbon consequences of fire-facilitated 
clearing and land use and associated accidental 
fires will be uncertain. 

Our inability to fully differentiate among dif- 
ferent types of vegetation fires detected by satel- 
lites can lead to potentially erroneous conclusions. 
Aragao and Shimabukuro (3) presented evidence 
that fire frequency can increase even as de- 
forestation (forest felling and immediate burning 
events) decreases in Amazon frontier zones— 
an important finding. However, they go on to 
conclude that the observed increase in post- 
deforestation fire reverses the emissions reduc- 
tions that might be achieved through the United 
Nations initiative for reducing emissions from 
deforestation and degradation (REDD). However, 
this conclusion is not justified by their data be- 
cause they cannot say what proportion of the 
observed fires took place as part of the multiyear 
process to burn off unwanted forest biomass or 
what proportion, if any, occurred in otherwise in- 
tact, standing forests. Moreover, once an area is 
deforested, there is a high likelihood that man- 
agement fires will follow, particularly in pastures. 

Aragao and Shimabukuro (3) measured fire 
occurrence using temperature threshold data 
from the National Oceanic and Atmospheric 
Administration’s Advanced Very High Resolu- 


S atellite-based observations of Earth’s sur- 
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tion Radiometer (AVHRR) and Moderate Res- 
olution Imaging Spectroradiometer (MODIS). 
These data principally provide information on 
clearing and management fires ignited by farm- 
ers and ranchers to remove brush and organic 
debris from their land and on unintentional fires 
that burn across cleared land (4). The carbon 
emissions from these repeated fires, including 
“slash-and-burn” fires, take place over a several- 
year period after forest felling (5) and, contrary 
to Aragao and Shimabukuro’s statement, are al- 
ready included in carbon emissions estimates 
from deforestation (6, 7). Because the authors 
do not characterize the different types of fires, 
they could not quantify the proportion of fires 
that are part of the normal post-felling process 
and those that escaped into surrounding forest. 

Fires that burn standing forests, referred to 
here as understory fires, are not included in most 
estimates of carbon emissions from deforestation, 
even though they can affect more than twice the 
area deforested annually (8). These fires kill many 
trees, from 8 to 64% of mature individuals across 
Amazon forest sites (9), and burn biomass (/0)— 
thereby reducing forest carbon stocks. Understory 
fires represent a threat to the “permanence” of car- 
bon that could eventually be compensated through 
a REDD program. 

REDD+, as currently negotiated, will provide 
benefits to nations that decrease carbon emis- 
sions from deforestation and forest degradation 
and that enhance forest carbon (//). Prevention 
of forest degradation from fire will not be re- 
warded under REDD+, in part because robust 
methods for quantifying emissions from deg- 
radation have only recently become available 
(12). Nations that do not succeed in implement- 
ing wildfire control programs to protect forest 
carbon will therefore likely be penalized (//). 
Fire represents an important threat to the per- 
manence of forest carbon stocks, and in this 
sense the Aragao and Shimabukuro study (3) 
is a welcome contribution. 


In 2010, the pattern documented by Aragao 
and Shimabukuro (3) may have appeared on 
the scale of the Brazilian Amazon. By 3 Octo- 
ber 2010, more than 104,000 active fires had 
already been detected in Brazil, which is 14% 
higher than the average between 2005 and 2009 
for this same 9-month period (/3). Total de- 
forestation detected within Brazil’s legal Amazon 
was only 925 km” between January and August 
2010 (/4). If this rate continues, total forest loss 
for 2010 will be even lower than the record low 
of 7464 km? detected for the period from Au- 
gust 2008 to August 2009 (/5). 

Future research will need to find ways of 
differentiating between those fires that are the 
result of intentional clearing, continued land 
management, or unintentional, escaped wild- 
fires. Further, we need to better understand how 
fire management decisions and drought can 
lead to extensive and sustained wildfires. New 
remote-sensing technologies such as burned- 
area mapping and quantification of fire radia- 
tive power will enable better understanding of 
the diversity of intentional and unintentional 
anthropogenic fires across this region. But in the 
meantime, as 2010 demonstrates, Brazil needs a 
strong national firefighting plan for Amazonia 
and a new model of rural development that 
encourages more sustainable and fire-sensitive 
investments—especially if it is to defend its re- 
markable progress in slowing deforestation (/6). 
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Response to Comment on “The 
Incidence of Fire in Amazonian 


Forests with Implications for REDD 


a 


Luiz E. O. C. Aragao** and Yosio E. Shimabukuro” 


Balch et al. suggest that the increased fire frequency reported in our study is principally due to 
post-deforestation activities. We present a new analysis demonstrating that for the majority of 
grid cells with positive fire trends, there is a low likelihood that these trends have resulted 
exclusively from post-deforestation activities. We therefore confirm that fires pose a growing 
threat to reducing emissions from deforestation and degradation (REDD) policies. 


alch et al. (1) challenge our conclusion 
B (2) that the widespread increase in fire 

incidence across Amazonia, which has 
occurred despite a reduction in deforestation 
rates, poses an emerging threat to the efficacy 
of reducing emissions from deforestation and 
degradation (REDD) policy. We address their 
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Fig. 1. Scatter plot of trend slopes of fire and fuel 
load across the range of deforestation. All slopes 
presented in the figure were calculated using nor- 
malized values of deforestation, fuel loads, and 
fire. Yellow diamonds correspond to the slopes de- 
rived from the original fire (AVHRR/NOAA-12) and 
deforestation (PRODES) data presented in (2). Dif- 
ferent colors represent fuel load slopes for three 
simulations (experiments), based on 10 random de- 
forestation scenarios, using a regrowth rate R, = 
15 t ha? year~* (16), and with varying levels of 
fractional area deforested (A,). Experiment 1 assumes 
A; = 20% (black), experiment 2 assumes Ar = 40% 
(green), and experiment 3 assumes A; = 100% 
(blue). Symbols represent the five levels of CC used 
in each experiment: CC = 20% (open triangle), CC = 
30% (open circle), CC = 40% (open square), CC = 
50% (open diamonds), and CC = 60% (asterisks). 
Experiment 4 is the most likely scenario (red dia- 
monds) for fuel load calculations. It is based on 100 
random deforestation scenarios. For experiment 4, 
fuel loads were calculated assuming CC = 40% 
[approximate mean value of values reported for 
Amazonia (7)], Ay = 40% (encompass 96% of all 
values for annual fractional area deforested in 
Amazonia) and R, = 8 t ha” yr“ [average net pri- 
mary production for grasslands in Amazonia (7)]. Lines 
indicate the likelihood (percentage of all simula- 


objections and present new evidence to sup- 
port our conclusions. 

The criticisms of Balch et al. (/) arise from 
an inaccurate interpretation of our conclusions. 
We did not claim that post-deforestation fires 
reverse emission reductions achieved through 
REDD but, instead, that there is an increased risk 
of carbon losses resulting from increased fire fre- 
quency, even with the reduction in deforestation 
rates, because of ongoing enlargement of for- 
est edges, secondary forest cover, and fragmen- 
tation, favoring the leakage of accidental fires 
from farms. Balch et al. appear to suggest that 
the observed fire trends are the product of post- 
deforestation activities alone. Their proposition 
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is grounded on two studies (3, 4) that have not 
evaluated this issue. Our conclusions are based 
on the fact that active fires data, in addition to 
post-deforestation fires, capture high-energy 
fires in forest edges, degraded forests, and for- 
est crown (5). Active fire data are likely to un- 
derestimate understory fires and, therefore, our 
conclusions are rather conservative (2). Agree- 
ing on methods for monitoring, reporting, and 
verifying emissions (MRV) from these areas 
within the REDD framework is thus urgently 
required. 

Balch et al. do raise an interesting question 
about the extent to which active fire detections 
capture fires other than post-deforestation fires. 
In response, we have performed a further eval- 
uation of the patterns found in our study (2). 
Despite our inability to detect fire types, if it is 
assumed that active fire detections are propor- 
tional to the biomass available to burn (fuel 
loads) in a given location (6), then the temporal 
trends in fuel loads, after successive deforesta- 
tion, incomplete combustion, and vegetation re- 
growth in a grid cell, can provide an estimation 
of the likelihood of post-deforestation fire 
trajectories in that grid cell. 

To verify whether post-deforestation activ- 
ities can generate positive trends in fuel loads 
and, hence, sustain an increase in fire incidence 
along an 8-year time frame, we conducted 250 
simulations (four experiments, Fig. 1) based on 
110 deforestation scenarios with negative tem- 
poral trends. For each scenario, annual frac- 
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tion results in each class of deforestation slopes) of obtaining positive fire (original data, blue line) and fuel loads (simulations, red line) slopes in each 
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tional deforestation in a 5 x 5 grid cell (total of 
25 subcells) was randomly assigned following 
a normal distribution. The simulations included 
five levels of combustion completeness (CC), 
three levels of fractional area deforested (A,), 
and two levels of biomass regrowth rate (R;). 
CC was calculated as a proportion of the initial 
biomass, which ranges from 19.5% to 61.5% in 
Amazonia (7). For each deforestation event, we 
assumed an average initial biomass (B;) of 300 t 
ha '. The biomass remaining at each time in- 
terval t (B,.,) was calculated as B,., = B,..7 — (B; x 
CC) + R,. Cumulative annual fuel load was 
estimated as the sum of B,., in each of the 25 
subcells. Trend slopes were calculated using 
normalized values of deforestation, fuel loads, 
and fire. The likelihood of obtaining positive 
fuel load (simulations) and fire (data) slopes 
was crudely estimate as a proportion of all sim- 
ulation results in each class of deforestation 
slopes (Fig. 1). 

Considering all simulations, 57% of the grid 
cells with positive fire slope fall in a region with 
less than 30% likelihood of positive fuel load 
trend. This value increases to 77% considering 
the most likely scenario alone (experiment 4). 
The likelihood of extra biomass burning from 
secondary forests, adjacent forest edges, and dis- 
turbed forests is therefore high for the majority 
of the grid cells. Conversely, as deforestation 
slopes approach zero, fires associated exclusive- 


ly with clearing and management are more likely 
to occur. Other than emissions from primary fo- 
rest clearance and maintenance fires, none of the 
above processes are fully considered in previous 
basin-wide net carbon emission estimates (7—1/). 

Balch et al. highlight the contribution and 
difficulties in reporting understory fires emis- 
sions under REDD. This was also a central point 
of our discussion (2). Emissions from understory 
forest fires [0.01 to 0.2 Gt C year ' (9, 12)] and 
long-term changes in fire-affected forest carbon 
pools (/3) are likely to be unaccounted for, not 
only because of the lack of agreement on meth- 
ods to quantify and monitor these events (/4) 
but also if the MRV processes mirror the guide- 
lines on land use, land-cover change, and forest- 
ry used by Annex I countries (/5). 

There is a high probability that fires other 
than those from post-deforestation activities 
have an important contribution to the increased 
fire incidence in Amazonia, confirming our con- 
clusion that REDD benefits may be undermined 
by the increased risk of unaccounted fire emis- 
sions. We hope that this exchange advances the 
discussions on tropical forest fires and spurs 
urgent actions to place REDD as an efficient 
climate change mitigation policy. 
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NETWORK ANALYSIS 


Exploring Links to Improve Health 


Jimi Adams 


etworks are everywhere. Over the 
Ne several decades, social networks 

have garnered increasing attention, 
leading people to craft languages illustrating 
their essential elements, develop strategies 
to harness their power (e.g., Facebook), and 
devote considerable efforts to systematically 
describe the salient characteristics of network 
structure and dynamics. Network-based per- 
spectives have so permeated our lives and 
shaped scientific thinking that few would 
question Thomas Valente’s claim that “Today, 
network analysis represents a full-grown par- 
adigm of research and constitutes a perspec- 
tive that is increasingly difficult to ignore.” 
Thus it is no surprise that health researchers 
such as Valente (University of Southern Cal- 
ifornia) are exploring how social networks 
influence our health-related behaviors and 
outcomes along with ways our health shapes 
the formation, maintenance, and dissolution 
of social relationships. 

Some of the network approach’s roots 
developed in health-related fields, and in 
Social Networks and Health, Valente dem- 
onstrates how the usefulness of the approach 
can reach far beyond its current application 
in medicine and public health. Sketching 
much of the state of the art in current social 
network research, he devotes the bulk of the 
book to adeptly providing the foundations 
for effectively carrying out social network 
analyses. He describes the major theoreti- 
cal perspectives, outlines the primary ways 
they have been implemented in empirical 
research, details the important methodologi- 
cal basis of those contribu- 
tions, and acknowledges sev- 
eral aspects that have limited 
advances. Although many of 
these topics are addressed in 
other sources, Valente’s focus 
on health-based examples is 
unique. This simultaneously 
serves to highlight the range of 
health-related topics to which 
networks can be applied and to 
demonstrate how aspects specific to health 
research require particular adaptations of 
the general network approach. 

Perhaps the book’s most important 
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insights appear in the chapters detailing 
research on network interventions and dif- 
fusion of innovations. Appropriately, these 
two chapters also highlight areas where 
the author’s own work has made substan- 
tial contributions. Within the general social 
networks literature, 
these topics are com- 
paratively less under- 
stood than many oth- 
ers, but they likely 
have the broadest 
appeal for anyone 
interested in under- 
standing and improv- 
ing the health of 
human populations. 
Diffusion research 
captures the capac- 
ity for networks to 
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a range of forms, from leveraging knowl- 
edge of existing network structure with the 
goal of promoting particular behaviors to 
modifying existing networks by adding new 
people or connections at strategic locations 
within them. Other interventions involve 
rewiring connections within networks in 
attempts to make them more efficient (e.g., 
for spreading news across an organization) 
or trying to disrupt existing networks by 
removing particular members (e.g., com- 
bating terrorism). For example, Valente has 


either promote or 
constrain the spread 
of “things.” This net- 
work property can be 
leveraged to quickly 
disseminate impor- 
tant scientific break- 
throughs or exploited 
to limit widespread 
epidemics. Research 
has demonstrated 
considerable ability to pinpoint relevant ele- 
ments of network structure that contributed 
to the successful spread of ideas through a 
population, such as how central actors helped 
promote adoption of particular family- 
planning practices dur- 
ing the transitions from 
high to low fertility in 
several countries. We even 
understand how those net- 
work characteristics relate 
to the form those inno- 
vation trajectories take 
(S-curve growth). How- 
ever, our ability to predict 
which networks will gener- 
ate those ideas that will take off or to accu- 
rately predict when a breakthrough will occur 
has not yet similarly advanced. 

Beyond simply observing networks, 
researchers have developed a widespread 
interest in being able to identify aspects of 
networks that are potentially susceptible 
to targeted change. Such change can take 


Mapping guidance. This network of a community coalition designed to promote 
substance abuse prevention activities illustrates who went to whom for advice. 


demonstrated the importance of identifying 
and targeting “opinion leaders” for evinc- 
ing health-promoting behavioral changes 
among teens, such as reduced substance 
abuse and slowed taking up of smoking. 
However, targeted network interventions 
have had widely varying success. Although 
some work as desired, others have shown 
virtually no effect, and still others have even 
produced significant results opposite the 
intended effect. As a future aim for network 
research, interventions may be an area ripe 
for advance. Nonetheless, with the present 
state of the field we can do little more than 
conclude that “purposively changing net- 
works, in many cases, is likely to be very 
difficult since people have the relationships 
they have for very good reasons.” 

Recent advances in computation have 
played an important role in developing 
our capacity to examine the complexities 
inherent in networks-based research. This 
enlarged capacity has enabled a shift from 
a nearly exclusive focus on the static prop- 
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erties of networks to examining patterns of 
network change. Recent years have also seen 
the development of statistical approaches 
for examining networks, both for static and 
dynamic network characteristics (through 
exponential random graph models and 
actor-oriented models of network evolution, 
respectively). Several similar future steps 


SYNTHETIC BIOLOGY 


will likely influence how broadly networks 
can influence health research. We need to 
consider ways to more systematically inte- 
grate network-based approaches into new 
data collection efforts (especially in large, 
population-based samples) and to effec- 
tively combine network advances with other 
analytic approaches (e.g., spatial analytic 


Inventive Constructions Using Biobricks 
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group colors and, some, shouting team 

cheers) from 26 countries descended on 
the MIT campus for the grand finale of the 
2010 International Genetically Engineered 
Machine (iGEM) competition. The under- 
graduate students had plunged into their 
projects at the beginning of the summer, 
when teams received a kit of “biobricks” 
from the Registry of Standard Biological 
Parts. They were to use these to design and 
build simple biological systems and oper- 
ate them in living cells. In addition to the 
existing standard parts, their projects could 
involve new parts that 
they created and would 
contribute to the regis- 
try. Under the mentor- 
ship of faculty sponsors 
(who helped them obtain 
research space, funding, 
equipment, and expert 
advice), the students 
worked through the 
summer, recording their 
progress on team wikis. 
On 27 October, the wikis 
were frozen, and evalua- 
tion of the teams’ efforts 
began. The iGEM Jam- 
boree offered students 
the opportunity to pre- 
sent their work to the 
judges, their competi- 
tors, and other interested 
observers. And present 
they did. 

Arriving at the Jamboree on Saturday 
evening, I felt a little weary and was brac- 
ing myself for the task of viewing more than 
60 posters. But I was soon energized by the 
enthusiasm of the young presenters. Entire 
teams greeted me, eager to explain their cre- 
ations—such as an “E. coli pen,’ which pro- 
duced different colors in response to a gra- 


I: early November, 118 teams (wearing 
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dient of hydroperoxide, and a hydrophobic 
biofilm, touted as a potential alternative to 
chemical coatings. Through the poster ses- 
sions and oral presentations on Saturday and 
Sunday, the joy of scientific discovery was on 
display. Dreams were big, with the students 
undaunted as they described the sometimes 
small steps they had taken toward large goals. 
Among those small steps, 1863 new parts 
were added to the registry. One of the goals 
of iGEM is to teach, and the students were 
certainly learning—engaged in their own 
projects but also eagerly absorbing the details 
about those of their peers. Message boards 


Meeting at MIT. The iGEM 2010 teams gathered for the Jamboree. 


were full of congratulatory and encourag- 
ing comments between teams (and offers to 
swap T-shirts). Most projects involved mod- 
eling and experimentation, so teams were 
interdisciplinary, comprising computer sci- 
entists, bioengineers, and molecular biolo- 
gists, among others. I found myself wonder- 
ing whether this model of “teamwork,” rather 
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methods). As Valente’s book indicates, the 
conflux of widespread interest, a relatively 
established research “canon,” and recent 
advances in the field has laid the grounds 
for the network approach to make important 
contributions to science, in health and writ 
large, in the coming years. 
10.1126/science.1197365 


than the more distant “collaboration,” could 
be applied more broadly. 

Excitement peaked on Monday, when 
everyone gathered to hear the announce- 
ment of the six finalists: BCCS-Bristol, who 
built a soil fertility sensor into Escherichia 
coli; Cambridge, 
with their biolumi- 
nescent bacteria EL. 
glowli; Imperial Col- 
lege London, who 
engineered Bacillus 
subtilis to detect the 
waterborne Schis- 
tosoma parasite; 
Peking, for designing bacteria that could 
detect and absorb heavy metals; Slovenia, 
who built a system to control the sequence 
of steps in a multi-step biosynthetic pathway; 
and TUDelft, who designed a system that 

can sense and degrade 
hydrocarbons in aque- 
ous environments. 
All finalists gave their 
presentations again, 
appearing unintimidated 
by the tens of judges sit- 
ting in the front rows. 
The judges retired to 
decide the winner, and 
the mood switched to 
celebratory as students 
shared YouTube vid- 
eos highlighting talents 
that went beyond scien- 
tific. (Cambridge Uni- 
versity’s song extolling 
Gibson assembly was 
a particular hit.) The 
buzzing room quieted 
when the judges reen- 
tered; the runners up 
were announced, and 
then there were cheers for the winners of the 
golden biobrick trophy, Slovenia. This year’s 
competition is over, but I’m sure discussions 
of next year’s projects have already begun. 
With the level of enthusiasm, talent, and hard 
work demonstrated by these undergraduates, 

the future of synthetic biology looks bright. 
10.1126/science.1201091 
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network change. Recent years have also seen 
the development of statistical approaches 
for examining networks, both for static and 
dynamic network characteristics (through 
exponential random graph models and 
actor-oriented models of network evolution, 
respectively). Several similar future steps 
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data collection efforts (especially in large, 
population-based samples) and to effec- 
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INTELLECTUAL PROPERTY 


Turning Patent Swords into Shares 


Geertrui Van Overwalle 


he decision earlier this year in the U.S. 
| District Court to deny patent protection 
for isolated human genes and associ- 
ated diagnostic methods (/) shocked the bio- 
tech community. The case related to genetic 
tests for familial breast and ovarian cancer 
developed by the company Myriad Genet- 
ics. The product claims (used to describe the 
compound in question) were directed to iso- 
lated DNA containing human BRCA/ and 
BRCA2 gene sequences. The method claims 
(used to describe the activity exercised upon 
the compound) covered the process of iden- 
tifying certain mutations in the BRCA genes. 
The court held that the claimed isolated DNA 
“is not markedly different from native DNA 
as it exists in nature” and constitutes unpatent- 
able subject matter (/). The court also ruled 
that the claimed method is “directed only to 
the abstract mental process of comparing or 
analyzing gene sequences,” fails the so-called 
“machine or transformation test” (2), and is 
unpatentable as well (/). 

Although the Myriad decision has been 
appealed (3) and may be reversed in light 
of the heavily criticized transformation test 
in the Bilski case (4) or arguments set forth 
by the U.S. Department of Justice (5), many 
public-policy issues relating to diagnostic 
gene patenting will persist. Development and 
accessibility of genetic tests has also been a 
central concern for the Secretary’s Advisory 
Committee on Genetics, Health, and Society 
(SACGHS) of the U.S. National Institutes of 
Health and recently led to recommendations 
to the Secretary of Health and Human Ser- 
vices calling for focused legislative changes 
in this area (6). 


Research and Clinical and Patient Access 

The disputed issues in the Myriad case point to 
two distinct phenomena in the area of human 
genomic science and intellectual property. 
First, claims on genes are generally difficult, 
if not impossible, to circumvent, or “invent 
around” (7). Problems arise when gene pat- 
ents are licensed too restrictively; this could 
hamper research and development (8), clini- 
cal access, and availability of high-quality 
tests for patients. The Myriad case exempli- 
fies such a restrictive license policy, resulting 
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in public disapproval (9). Studies have docu- 
mented similar restrictive licensing practices 
for other tests as well (10, 77). 

A second phenomenon relates to the dense 
and fragmented genetic patent landscape. 
Problems arise when “patent thickets” (a web 
of overlapping patents through which a com- 
pany must “hack” in order to commercialize 
a technology) emerge (/2). Accumulation, or 
“stacking,” of royalties that have to be paid 
when confronted with a patent thicket may 
lead to a “tragedy of the anti-commons” (/3), 
affecting research and development and harm- 
ing clinical and patient access in the long run. 
Empirical data do not yet confirm existence of 
a patent thicket in genetics at large (/4, 15). 
However, thicket problems in genetic diag- 
nostics could grow with shifts (i) from mono- 
genetic to multifactorial testing (multiplex 
diagnostics) and (i1) toward diagnostics based 
on genome-wide association studies driven 
by the high-throughput of single nucleotide 
polymorphism platforms and next-generation 
sequencing possibilities (6, 76). Although not 
an illustrative example of this phenomenon, 
the Myriad decision has invigorated concerns 
about potential negative effects of a dense and 
dispersed patent landscape. 


Designing Solutions 

It is widely accepted that patent systems are 
premised on an implicit “social contract” (/7) 
aimed at balancing private and public inter- 
ests. Changes to the system should acknowl- 
edge this social contract and explore options 
that preserve the positive incentive for the 
production of drugs and therapies and rem- 


Compulsory licenses and patent pools will 
assist modern patent law in fueling genetic 
test development. 


edy some perceived hindrances in the field of 
genetic diagnostics. 

The problems surfacing in the Myriad 
case can be tackled with legislative mea- 
sures or court decisions—some of which 
may be inspired by European approaches (as 
described below). However, providing swift, 
flexible responses to changing conditions 
through such avenues may be hard because 
of legal complexity and political reality. In the 
meantime, or as a substitute, rules of contract 
may offer a partial solution, thereby turning 
patent “swords” (/8) into commonly shared 
assets or shares. 


Alleviating Restrictive Licensing 

Current patent and antitrust law leave consid- 
erable freedom to patentees to set up licens- 
ing agreements and do not prohibit exclusive 
licensing. Legal measures may assist in tack- 
ling restrictive licensing practices. Recently, 
legislatures imposed compulsory licenses, 
forcing patent holders to grant use in the name 
of public health in Belgium, France, and Swit- 
zerland (19). Although none of these compul- 
sory license mechanisms have yet been put to 
work, they may have an indirect, preventive 
effect on unduly restrictive licensing behavior 
by patent owners (19). 

Another potential legislative measure is 
the introduction of a diagnostic-use exemp- 
tion, shielding diagnostic testing from 
infringement. At present, blood or tissue 
sampling may fall within the “safe harbor” 
research exemption (i.e., use in research does 
not infringe the patent) appearing in many 
European countries, but it is unlikely that the 
subsequent diagnostic steps do (20). Hence, 
a separate statutory diagnostic exemption is 
necessary, as recognized by SACGHS (6). 
SACGHS recommends that this exemption 
would equally apply to (commercial and non- 
commercial) service providers using labora- 
tory-developed tests and to test-kit makers. 
However, in view of the uncertain (and pos- 
sibly stifling) impact of the exemption on 
kit development—requiring approval by the 
Food and Drug Administration, which would 
raise costs for entering the market—its scope 
should be restricted to clinicians using their 
own “homemade” gene-based tests. 

To attenuate restrictive effects of diagnos- 
tic gene patents resulting from government 
research funding, agencies like the NIH could 
be encouraged to exercise so-called “march- 
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in” rights, provided by the Bayh-Dole Act 
(35 U.S. Code § 200-212), ignoring the pat- 
ent to grant licenses to others. Although some 
believe this a valuable alternative (2/), others 
have criticized it as inadequate (22). 


Redressing Patent Thickets 

Patent law may be altered to exclude genes 
from its field of application. Deeming gene 
patents ineligible for protection may be valu- 
able in view of fostering (upstream) research 
and the provision of genetic testing, but may 
be detrimental to incentivizing (downstream) 
development of drugs and therapies. A more 
moderate alternative may be to focus on the 
scope of patent rights and to introduce a pur- 
pose-bound protection regime for gene pat- 
ents. Under such a rule, a patent fora DNA 
sequence no longer encompasses all possible 
future applications but is restricted to the spe- 
cific use described in the patent application. 
Such an approach seems to be supported by 
the Court of Justice of the European Union in 
the Monsanto case (23). However restrictive it 
may seem, purpose bound protection may still 
prevent free use of a gene patented for diag- 
nostic applications. 

Exclusion of patents for diagnostic meth- 
ods can also be considered. A diagnostic 
method exclusion is different from a diag- 
nostic exemption: The former prevents pat- 
enting in the first place; the latter allows the 
issuance of patents but exempts certain uses 
of the patent from infringement. A diagnos- 
tic method exclusion can be constructed 
rather narrowly, mirroring the European stat- 
utory example, which implies that the only 
methods excluded from patent protection are 
diagnostic methods practiced on the human 
body (24, 25). However, a broader exclusion 
of all diagnostic methods, disregarding the 
fact whether the treatment was practiced on 
the human body or not (26), will have more 
effect in patent practice. 

The feasibility and pace of changing stat- 
utory patent law will depend on processes at 
work for domestic and/or international pat- 
ent law reform. Rather than statutory reform, 
judicial law-making may assist in shaping 
patent law to the particularities of the genetic 
diagnostics’ sector (27). Navigating the 
landscape in genetic diagnostics may even 
be achieved more adequately and rapidly 
through private, collaborative efforts. These 
could take the form of specially tailored 
genetic patent pools and clearinghouses. The 
latter is inspired by the copyright collecting— 
society model, such as the American Soci- 
ety of Composers, Authors, and Publishers, 
which collects license fees from users and 
distributes them among those whose works 
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were performed (20, 28). 

Some genetic pools and clearinghouses 
have been established for humanitarian pur- 
poses. For-profit initiatives, however, remain 
scarce, except MPEG LA, which recently 
launched a diagnostic genetics patent clear- 
inghouse or “licensing supermarket” (29). 
More research is needed to assess the eco- 
nomic viability and commercial sustainability 
of collaborative models (30, 3/). Discussion 
is also required on the need for rules that per- 
mit the “visible hand” of government to stim- 
ulate or even force parties into such collabora- 
tive transactions (32). 

Genetic patent pools—requiring as a mat- 
ter of competition law an open and nondis- 
criminatory licensing policy—convert the 
exclusivity principle of patent protection into 
a liability or take-now-pay-later rule (where 
access and use of a patent are not dependent 
on the consent of the patent holder, but only 
conditioned upon payment of a fee) (33). In 
other words, patent pools turn exclusive pat- 
ent rights into commonly shared assets or 
shares. This paradoxical effect of collabora- 
tive mechanisms on private entitlements has 
been seen before (34, 35) but has not been put 
into operation in diagnostic genetics yet. This 
sharing effect of collaborative models might 
safeguard the social contract in genetic diag- 
nostics. It also has been suggested to restore 
trust in the patent system (36). 


Patents as Temporary Privileges 

In light of controversies surrounding gene 
patents and growing discontent with some 
undesirable effects of the current patent sys- 
tem, there is a need to reconceptualize pat- 
ent rights. A patent can no longer be viewed 
as a title giving (almost) complete freedom 
to exclude others from use, but rather as a 
temporary permit to exploit monopoly rights 
under fair and reasonable conditions, invest- 
ing technology owners with the authority to 
invent and share, in other words, as a “duty- 
bearing privilege” (37). A compulsory license 
for public health and a narrow diagnostic-use 
exemption can discourage exclusive or overly 
restrictive licensing. A purpose-bound pro- 
tection regime, a broad diagnostic method 
exclusion, and genetic patent pools and clear- 
inghouses may help deal with patent thickets. 
Such measures will assist modern patent law 
in preserving the underlying social contract 
with the advent of multifactorial testing and 
whole-genome sequencing. 
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Catalyzing NO to N_O in the 


Nitrogen Cycle 


Pierre Moénne-Loccoz' and James A. Fee? 


he great planetary nitrogen cycle, 
[sit includes the cyclic conver- 

sion of nitrogen gas (N,) into “fixed” 
nitrogen that can be used by plants, is in large 
part mediated by metalloenzymes that cata- 
lyze the elementary chemical reactions. On 
page 1666 of this issue, Hino ef al. (/) take 
an important step toward understanding the 
chemical function and evolution of one of 
these enzymes. They describe the structure of 
a nitric oxide reductase (NOR) from a com- 
mon bacterium that plays an important role 
in the nitrogen cycle—and in human disease. 

Today, human activities such as the wide- 
spread use of agricultural fertilizers and 
the burning of fossil fuels are influencing 
Earth’s nitrogen cycle (2). Of considerable 
interest is the increasing release into the 
atmosphere of nitrous oxide (N,O), a green- 
house gas (3) about 300 times as powerful, 
on an equimolar basis, as CO, (2). The vast 
majority of N,O originates from microbes 
that break down nitrogen compounds in soil 
and water. Approximately equal quantities 
of N,O come from two processes: nitrifica- 
tion (which converts ammonia into nitrite), 
in which N,O is an unintended by-product of 
the oxidation of hydroxylamine (NH,OH), 
and anaerobic denitrification, in which nitric 
oxide (NO) and N,O are formed as diffusible 
intermediates (2, 4). 

Hino et al. studied cytochrome c—depen- 
dent nitric oxide reductase (CNOR), in which 
the cytochrome acts as the electron donor to 
an enzyme that catalyzes the reduction of NO 
in Pseudomonas aeruginosa, a ubiquitous, 
denitrifying bacterium. It is also a nasty patho- 
gen, particularly among burn victims and 
patients with chronic infections of their air- 
ways (5, 6). Similar infectious bacteria, such 
as Neisseria meningitides and Neisseria gon- 
orrhoeae, depend on NOR activity to with- 
stand the defenses of host cells (7). Hino et al. 
describe the x-ray structure of cCNOR at 2.7 A 
resolution. In addition to offering insight into 
the detailed chemical mechanisms that affect 
the nitrogen cycle, the structure offers evi- 
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Compare and contrast. The structures of 7. thermophilus (Tt) cytochrome ba, oxidase (left) and cNOR from 
P. aeruginosa (Pa) (right), with large subunits shown as transparent surfaces. The two structures are aligned 
vertically at the level of the b hemes and the cNOR structure is rotated approximately 180° about its verti- 
cal axis to bring the b-hemes into the same plane. Electrons flow from the subunit II of ba, that anchors the 
dinuclear copper cluster Cu,, and from the cytochrome c in cNOR (ET, electron transfer). These two redox cen- 
ters and globular domains exemplify the variability in redox partners in the oxidases and NO reductases, as 
evolution may allow for occasional interchange of large and small subunits. Electrons flow into the b hemes 
before passing to the binuclear active sites. Presumed proton flow in ba, oxidase and its water exit are repre- 
sented by arrows. Black spheres represent crystallographically defined water molecules. The single Ca** ion is 
shown as a green sphere. In cNOR, protons appear to flow from the outside into the extensive water cluster, 
and from there into the binuclear heme b,/Fe, active site. 


dence for the existence of a common ances- 
tor connecting the NORs to the heme-copper 
oxidase (HCO) superfamily of enzymes, and 
raises intriguing questions about how one 
diverged from the other. Finally, the structure 
provides the basis for an atomic-level under- 
standing of the chemistry of both NOR and 
HCO enzymes. 

Both HCOs and NORs are integral mem- 
brane proteins. The HCO superfamily con- 
tains at least three types that share a com- 
mon core structure but vary in the number of 
peripheral subunits, heme types, physiologi- 
cal electron donors, and proton pathways that 
can generate the heme-copper cluster (8). The 
NOR family is also composed of several types 
(9). PR aeruginosa cNOR consists of a small 


(NorC) and a large (NorB) subunit. Although 
NorB and the large subunits of HCOs are 
clearly homologs, both families show diver- 
sity in the smaller subunits (especially in the 
associated electron donor). It is hard to see 
how the predominantly B-sheet cupredoxin 
fold of subunit II containing Cu, (see the fig- 
ure, left panel) and the predominantly helical 
cytochrome c fold of NorC (right panel) could 
be linked evolutionarily via a series of muta- 
tions. Rather, it seems more likely that the 
smaller subunits evolve partly by “jumping” 
from one type of large subunit to another. 
Hino et al. compare their structure to the 
simplest known HCO, the B-type cytochrome 
ba, oxidase from Thermus thermophilus (8, 


10), and a comparison to the C-type cbb, 
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oxidase from Pseudomonas stutzeri (11) is 
also informative. Although the cbb, enzyme 
appears to be closer to cNOR than does ba,, 
similarities in the amino acid sequences of 
NorB and subunit I of cbb, are low (<40%). 
Regardless, the two proteins exhibit highly 
similar three-dimensional structures. Spe- 
cifically, 12 central transmembrane heli- 
ces are conserved that share a topology of 
tightly packed helices arranged around a low- 
spin heme and a binuclear active site (i.e., a 
heme b,/Fe, or a heme a,/Cu,). In ba,, the 
active-site heme a,/Cu, center is buried in 
the hydrophobic core of the enzyme, requir- 
ing that both polar (H’, e-, and H,O) and lipo- 
philic (O,) reactants move along structurally 
specified pathways to their intended destina- 
tions. In cNOR, the active-site heme b,/Fe, is 
found essentially at the same location in the 
hydrophobic core. The three histidine side 
chains that coordinate the Cu, in HCO are 
conserved in cNOR and are supplemented 
with a glutamyl carboxylate group, providing 
a favorable coordination shell for an iron ion 
at the Fe, site. 

The structure of cNOR also shows that 
transmembrane pathways (D- and K-paths) 
for proton uptake are absent; this supports 
previous findings that cCNOR does not pump 
protons (/2) and sheds light on how heme-Cu 
oxidases acts as a proton pump. Hino ef al. 
also propose pathways for electron transfer 
from the cytochrome c via the low-spin heme 


and proton entries from the periplasmic side 
to the binuclear center. As in cbb,, a Ca®* ion 
bridges and may stabilize an efficient elec- 
tron transfer route between the two hemes 
in NorB. Another remarkable feature of the 
cNOR structure is the presence of a Y-shaped 
hydrophobic channel similar to that reported 
by Luna er al. (/3) in ba, and by Buschmann 
et al. (11) in cbb,. In cNOR, this channel 
must serve to carry NO from the lipid bilayer 
to the active site. 

The authors do not assign the exit route of 
the N,O product, but the factor of 10 increase 
in water solubility of N,O relative to O, or 
NO may allow this small molecule to diffuse 
through both hydrophobic and hydrophilic 
channels. A question worthy of future inves- 
tigation is whether the exit route of N,O from 
cNOR influences its capture by the periplas- 
mic, copper-containing N,O reductase, and 
its escape into the atmosphere. The structure 
also leaves two other questions unanswered: 
(i) How do the two NO molecules bind at the 
diiron site? (11) How do the N-N bond forma- 
tion and N-O bond cleavage occur? A distal 
glutamic acid within 5 A of the iron cluster 
that appears conserved in NorB sequences 
may provide a proton to a putative hyponitrite 
anion (N,O,”) and facilitate N-O bond cleav- 
age. Although most investigators might agree 
that the first NO binds to the ferrous heme b,, 
the mode of addition of a second NO to this 
mononitrosyl complex remains to be defined, 


PERSPECTIVES 


as do the respective roles of the two Fe ions 
(/4). Bioengineering models of the heme b,/ 
Fe, site in the simpler protein scaffold of myo- 
globin will be valuable tools for conducting 
these mechanistic investigations (/5). Struc- 
tural characterization of other transmembrane 
NORs in parallel with HCOs will further clar- 
ify evolutionary variation in Fe,/Cu, coordi- 
nation spheres, electron and proton transfer 
pathways, and hydrophobic channels to the 
catalytic dinuclear center. 
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Optical Metamaterials— 
More Bulky and Less Lossy 


Costas M. Soukoulis'? and Martin Wegener® 


sually, investigators in materials 
science have asked: “What proper- 
ties does a certain new material or 
structure have?” Now, the inverse problem 
arises: “I want to achieve certain—possi- 
bly unheard-of—material properties. How 
should the corresponding micro- or nano- 
structure look?” Examples could be: effi- 
ciently blocking acoustic noise due to a 
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highway from a nearby village by a tailored 
wall, concentrating electromagnetic energy 
into as-tight-as-possible spaces, or avoiding 
reflections from a material’s surface. The 
underlying common scheme is wave phys- 
ics. Material properties that were otherwise 
unachievable, e.g., negative refraction and 
cloaking, may eventually be designed into 
optical metamaterials and photonic crys- 
tals. Both require tailoring of the proper- 
ties (i.e., phase velocity and impedance) of 
an electromagnetic wave moving through 
the substance at the local level. In photonic 
crystals, the phase velocity of an electro- 
magnetic wave moving through the crystal 
is controlled by tuning the photonic band 
structure; the impedance is determined 
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Advanced techniques for bulk fabrication and 
loss reduction provide good prospects for 
practical optical metamaterials. 


by the electromagnetic field distributions 
throughout the material. In metamaterials, 
this amounts to tailoring the effective elec- 
tric permittivity and magnetic permeability. 
In either case, introducing resonances is the 
key to controlling the local wave properties. 
The recent development of advanced fab- 
rication techniques being applied to meta- 
materials and photonic crystals may lead to 
realization of such designer materials. 

In photonic crystals, the focus has tra- 
ditionally been on many wavelength-scale 
building blocks arranged on a dielectric 
lattice (generalized Bragg resonances) that 
produce collective resonances in response to 
an electromagnetic field, whereas research- 
ers working with metamaterials started with 
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oxidase from Pseudomonas stutzeri (11) is 
also informative. Although the cbb, enzyme 
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hydrophobic core. The three histidine side 
chains that coordinate the Cu, in HCO are 
conserved in cNOR and are supplemented 
with a glutamyl carboxylate group, providing 
a favorable coordination shell for an iron ion 
at the Fe, site. 

The structure of cNOR also shows that 
transmembrane pathways (D- and K-paths) 
for proton uptake are absent; this supports 
previous findings that cCNOR does not pump 
protons (/2) and sheds light on how heme-Cu 
oxidases acts as a proton pump. Hino ef al. 
also propose pathways for electron transfer 
from the cytochrome c via the low-spin heme 


and proton entries from the periplasmic side 
to the binuclear center. As in cbb,, a Ca®* ion 
bridges and may stabilize an efficient elec- 
tron transfer route between the two hemes 
in NorB. Another remarkable feature of the 
cNOR structure is the presence of a Y-shaped 
hydrophobic channel similar to that reported 
by Luna er al. (/3) in ba, and by Buschmann 
et al. (11) in cbb,. In cNOR, this channel 
must serve to carry NO from the lipid bilayer 
to the active site. 

The authors do not assign the exit route of 
the N,O product, but the factor of 10 increase 
in water solubility of N,O relative to O, or 
NO may allow this small molecule to diffuse 
through both hydrophobic and hydrophilic 
channels. A question worthy of future inves- 
tigation is whether the exit route of N,O from 
cNOR influences its capture by the periplas- 
mic, copper-containing N,O reductase, and 
its escape into the atmosphere. The structure 
also leaves two other questions unanswered: 
(i) How do the two NO molecules bind at the 
diiron site? (11) How do the N-N bond forma- 
tion and N-O bond cleavage occur? A distal 
glutamic acid within 5 A of the iron cluster 
that appears conserved in NorB sequences 
may provide a proton to a putative hyponitrite 
anion (N,O,”) and facilitate N-O bond cleav- 
age. Although most investigators might agree 
that the first NO binds to the ferrous heme b,, 
the mode of addition of a second NO to this 
mononitrosyl complex remains to be defined, 
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as do the respective roles of the two Fe ions 
(/4). Bioengineering models of the heme b,/ 
Fe, site in the simpler protein scaffold of myo- 
globin will be valuable tools for conducting 
these mechanistic investigations (/5). Struc- 
tural characterization of other transmembrane 
NORs in parallel with HCOs will further clar- 
ify evolutionary variation in Fe,/Cu, coordi- 
nation spheres, electron and proton transfer 
pathways, and hydrophobic channels to the 
catalytic dinuclear center. 
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by the electromagnetic field distributions 
throughout the material. In metamaterials, 
this amounts to tailoring the effective elec- 
tric permittivity and magnetic permeability. 
In either case, introducing resonances is the 
key to controlling the local wave properties. 
The recent development of advanced fab- 
rication techniques being applied to meta- 
materials and photonic crystals may lead to 
realization of such designer materials. 

In photonic crystals, the focus has tra- 
ditionally been on many wavelength-scale 
building blocks arranged on a dielectric 
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produce collective resonances in response to 
an electromagnetic field, whereas research- 
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densely packed, ideally noninteracting res- 
onances of individual subwavelength-size 
building blocks (generalized Mie reso- 
nances). Mie resonances are especially pro- 
nounced for metals. In general, both Bragg- 
and Mie-type resonances are advantageous. 

In 2007, optical metamaterials (/) were 
not actually “materials” but were rather 
metafilms or metasurfaces—planar mono- 
layers of meta-atoms. Today, various truly 
three-dimensional (3D) optical metamaterial 
structures have been reported (see the figure) 
(2-5). The larger the 3D metal-based meta- 
material structures become and the more 
the “bulk” is approached, the more obvi- 
ous it becomes that losses must be reduced. 
Otherwise, a large chunk of metamaterial 


will simply be black and opaque, rendering 
it useless. At optical frequencies, most of 
the losses result from the constituent metal. 
Thus, avoiding sharp edges for the current 
flow and/or avoiding nearby resonances can 
eliminate part of the losses. Superconductors 
may appear as a remedy for resistive losses, 
but their small superconducting band-gap 
frequency inherently prohibits operation at 
optical or even visible frequencies. 

A different approach to reduce losses 
is to incorporate active gain materials to 
counteract the losses and achieve negative 
phase velocities of light. The fact that we are 
unable to change the past strongly connects 
losses and phase velocities of light. Com- 
bined with the condition of stability, this 
imposes rather stringent 


Bulking up. Metamaterials operating at optical frequencies have devel- 
oped from planar monolayers of meta-atoms (A) to truly 3D nanostruc- 
tures (2—5) (B). Incorporating gain materials (yellow in top box) led to 
loss reduction (8-10). (C) Blueprints for isotropic metamaterials based 
on bottom-up self-assembly (23) or direct laser writing (14) do exist. If all 
of these aspects could be combined, one of the early dreams of the field, 
namely, visible 3D isotropic zero-loss negative-index metamaterials, might 


eventually become reality. 


fundamental constraints 
on what is possible— 
regardless of the par- 
ticular design (6, 7). As 
in any laser, the system 
becomes intrinsically 
unstable for macroscopic 
metamaterial structures 
and for long times even 
if the gain exceeds the 
loss only at a single fre- 
quency. Thus, the effec- 
tive loss can only be zero 
at a single frequency, for 
which the phase velocity 
of light may be negative. 
For all other frequen- 
cies, the losses remain 
finite. Spontaneous and 
stimulated emissions 
will occur and must be 
considered as intense 
sources of “noise” if the 
artificial material shall 
be used to guide, focus, 
and/or influence external 
light. This aspect might 
force a retraction from 
the exact gain-equals- 
loss condition, leaving 
behind losses that can 
still be orders of magni- 
tude lower compared to 
those in the absence of 
gain material. 

Recent experiments 
on gain have returned to 
metafilms to avoid tack- 
ling both the bulk and the 
loss challenges simul- 
taneously. Only partial 
loss compensation has 
been obtained in exper- 


iments with quantum dots (8) and single 
quantum wells (9), whereas it was possible 
to compensate for losses completely in the 
visible range via dyes embedded in epoxy 
resin and pumped by picosecond pulses 
(10). The latter experiment and correspond- 
ing theory (//, 12) have raised hopes, but 
it is not clear that this success can be trans- 
lated to macroscopic 3D photonic metama- 
terials under steady-state conditions. 

Three crucial aspects have already been 
demonstrated experimentally: (1) operation 
in the visible spectrum, (ii) truly 3D opti- 
cal metamaterials, and (iii) loss-free meta- 
materials. Another crucial aspect for many 
applications that has only been achieved the- 
oretically so far is isotropy (3, /4). Realiz- 
ing the ideal negative-index metamaterials, 
i.e., a 3D isotropic zero-loss negative-index 
metamaterials operating at visible wave- 
lengths, requires the combination of all these 
aspects. It is unlikely that compensating loss 
via optical pumping will meet real-world 
requirements, whereas injecting an electri- 
cal current into a semiconductor through 
two wires coming out of a chunk of metama- 
terial is more practical. Once all of this has 
been achieved, the next frontier toward com- 
mercialization is bringing the fabrication 
cost down, e.g., with nanochemistry-based 
bottom-up self-assembly approaches (/3). 
Another interesting though unexplored ave- 
nue is replacing the lithographically defined 
meta-atoms by tailored large molecules. Ide- 
ally, these molecules could be assembled to 
3D molecular crystals. 
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T cell development occurs in waves, 
involving distinct stem cell populations, 
throughout human fetal development. 
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Baby... 


Alexander G. Betz 


Laureate) Peter Medawar posed the 

question, “How does the pregnant 
mother contrive to nourish within itself, for 
many weeks or months, a fetus that is an 
antigenically foreign body?” (/). Although 
none of his proposed mechanisms stood the 
test of time, they nevertheless provided the 
intellectual framework for years to come in 
the study of how a fetus evades rejection by 
the mother’s immune system (maternal fetal 
tolerance). Regulatory T cells are now rec- 
ognized as key mediators of immunological 
tolerance. Although they are best known for 
preventing autoimmunity (2), development 
of an embryo inside the body of the mother 
(invasive placental viviparity) would not be 
possible without these immune cells (3). 
On page 1695 of this issue, Mold et al. (4) 
show that fetal and adult T cells, includ- 
ing regulatory T cells, are distinct popula- 
tions that arise from different hematopoi- 
etic stem-progenitor cells (HSPCs) present 
at different stages of development. More- 
over, the early fetal immune system appears 
to be biased toward tolerance. This not 
only has important implications for under- 
standing how a fetus avoids launching an 
immune response against the mother (fetal 
maternal tolerance), but it also raises ques- 
tions about how the human immune sys- 
tem is set up during fetal development and 
in adulthood. 

The concept of acquired immunological 
tolerance can be traced back to Medawar 
and colleagues when they set out to develop 
a “foolproof method” to distinguish non- 
identical (dizygotic) from identical (mono- 
zygotic) cattle twins (5). Their idea to use 
skin transplant rejection to test for dizy- 
gosity was based on the knowledge that 
grafts between identical twins are readily 
accepted, whereas grafts between siblings 
are vigorously rejected. They were sur- 
prised to find that grafts between dizygotic 
twins, which are genetically no more closely 
related than siblings, failed to be rejected. 
They concluded that dizygotic twins some- 
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not known when the transition in the ratio of T cells occurs, once lymphocyte production migrates from the 
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how acquired tolerance to grafts of one 
another’s skin. This puzzle led Medawar 
to also realize that placental viviparity in 
itself constitutes a problem to the mother’s 
immune system (/). So-called suppressor 
T cells were suspected to prevent maternal 
rejection of the fetus, but because of a lack 
of experimental model systems, the con- 
nection remained correlative (6). With the 
demise of the suppressor T cell field in the 
late 1980s, this was all but forgotten. 

A decade later, suppressor T cells were 
resurrected as regulatory T cells (2). With the 
discovery of the transcriptional regulatory 
protein Foxp3 as a lineage marker for regula- 
tory T cells (7), it did not take long to demon- 
strate that they play a crucial role in maternal 
fetal tolerance in both mice and humans (6). 
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There is now little doubt of the importance of 
regulatory T cells in immune tolerance. 

In contrast to mice, in which the adaptive 
immune system only starts to develop around 
birth, T cells in humans can be detected as 
early as gestational week 10 (9). Thus, the 
human fetal immune system has the ability 
to recognize noninherited maternal alloanti- 
gens and must somehow tolerate them. What 
better way to do this than to use the mecha- 
nism that was already proven so successful 
for maternal fetal tolerance (0), especially 
given that regulatory T cells are required for 
preventing autoreactivity during the same 
time of fetal development. Mutations in the 
gene encoding Foxp3 (which resides on the 
inherited X chromosome) result in impaired 
regulatory T cell function, with disas- 
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trous consequences for the affected males. 
In many cases, they are born with raging 
autoimmune disease (//). Intriguingly, few 
if any of these patients carry a true null 
mutant (encoding a functionless form) of the 
FOXP3 gene. The reason for this might be 
that the phenotype of such a mutant would 
be much more severe, resulting in the fetus 
not only developing autoimmunity, but also 
attacking the maternally derived portion of 
the placenta (the decidua). As a result, the 
affected fetus would cut offits own supply of 
nutrients and oxygen and thus might never 
see the light of day. 

The data of Mold et al. suggest that 
hematopoiesis during fetal development 
occurs in waves, each generating distinct 
populations of T cells that may coexist for a 
period of time. T cells (CD4* subtype) origi- 
nating from fetal liver HSPCs appear to have 
a propensity to adopt the fate of regulatory T 
cells (Foxp3*), thereby biasing the fledgling 
immune system toward immune tolerance. 
As the source of hematopoiesis switches to 
the fetal bone marrow, the resulting effec- 
tor T cell/regulatory T cell ratio gradually 


moves toward that found in adults. It will 
be interesting to examine whether the ten- 
dency of the early fetal immune system to 
promote tolerance is restricted to self anti- 
gens and noninherited maternal alloanti- 
gens, or whether it extends to foreign anti- 
gens encountered during development. The 
latter might have both beneficial and detri- 
mental consequences on the immune system 
that reach far beyond pregnancy. Although 
the tendency toward tolerance might provide 
a window to educate the immune system not 
to respond to common allergens (/2, /3), it 
also provides an opportunity for exploitation 
by pathogens. Indeed, exposure of a fetus to 
malaria in utero, which leads to the accu- 
mulation of infected red blood cells in the 
placenta (placental malaria), results in the 
expansion of malaria-specific regulatory T 
cells. This might explain why children who 
have been infected as a result of placental 
malaria are more susceptible to subsequent 
malaria infections (/4). 

It remains to be resolved whether the 
fetal liver and adult HSPCs are distinct lin- 
eages, or whether the latter develops from 


the former (see the figure). A detailed anal- 
ysis of the transcriptional profiles of these 
progenitor pools, in combination with 
an analysis of epigenetic modifications, 
should yield valuable information regard- 
ing their relationship. 
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ortunately for us, carbon monoxide 
FE (CO)—a toxic gas—is a very minor 

constituent of the atmosphere. It is 
produced by incomplete burning of fossil 
fuels and biomass (such as dry leaves and 
wood) and by the oxidation of methane and 
other volatile hydrocarbons in the atmo- 
sphere. On page 1663 of this issue, Wang 
et al. (1) present high-precision measure- 
ments, taken from air trapped in Antarctic 
ice, of how atmospheric concentrations of 
CO have changed over the past 650 years. 
Their findings offer a striking and surpris- 
ing look at the history of fire in the Southern 
Hemisphere, and some hints at future global 
fire trends. 

In addition to CO concentrations, Wang 
et al. present the first record of changes in 
two stable isotopes—carbon-13 (!3C) and 
oxygen-18 ('8O)—which they use to esti- 
mate how much of the CO came from burn- 
ing biomass. This is a notable feat, consid- 
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trous consequences for the affected males. 
In many cases, they are born with raging 
autoimmune disease (//). Intriguingly, few 
if any of these patients carry a true null 
mutant (encoding a functionless form) of the 
FOXP3 gene. The reason for this might be 
that the phenotype of such a mutant would 
be much more severe, resulting in the fetus 
not only developing autoimmunity, but also 
attacking the maternally derived portion of 
the placenta (the decidua). As a result, the 
affected fetus would cut offits own supply of 
nutrients and oxygen and thus might never 
see the light of day. 

The data of Mold et al. suggest that 
hematopoiesis during fetal development 
occurs in waves, each generating distinct 
populations of T cells that may coexist for a 
period of time. T cells (CD4* subtype) origi- 
nating from fetal liver HSPCs appear to have 
a propensity to adopt the fate of regulatory T 
cells (Foxp3*), thereby biasing the fledgling 
immune system toward immune tolerance. 
As the source of hematopoiesis switches to 
the fetal bone marrow, the resulting effec- 
tor T cell/regulatory T cell ratio gradually 


moves toward that found in adults. It will 
be interesting to examine whether the ten- 
dency of the early fetal immune system to 
promote tolerance is restricted to self anti- 
gens and noninherited maternal alloanti- 
gens, or whether it extends to foreign anti- 
gens encountered during development. The 
latter might have both beneficial and detri- 
mental consequences on the immune system 
that reach far beyond pregnancy. Although 
the tendency toward tolerance might provide 
a window to educate the immune system not 
to respond to common allergens (/2, /3), it 
also provides an opportunity for exploitation 
by pathogens. Indeed, exposure of a fetus to 
malaria in utero, which leads to the accu- 
mulation of infected red blood cells in the 
placenta (placental malaria), results in the 
expansion of malaria-specific regulatory T 
cells. This might explain why children who 
have been infected as a result of placental 
malaria are more susceptible to subsequent 
malaria infections (/4). 

It remains to be resolved whether the 
fetal liver and adult HSPCs are distinct lin- 
eages, or whether the latter develops from 


the former (see the figure). A detailed anal- 
ysis of the transcriptional profiles of these 
progenitor pools, in combination with 
an analysis of epigenetic modifications, 
should yield valuable information regard- 
ing their relationship. 
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FE (CO)—a toxic gas—is a very minor 

constituent of the atmosphere. It is 
produced by incomplete burning of fossil 
fuels and biomass (such as dry leaves and 
wood) and by the oxidation of methane and 
other volatile hydrocarbons in the atmo- 
sphere. On page 1663 of this issue, Wang 
et al. (1) present high-precision measure- 
ments, taken from air trapped in Antarctic 
ice, of how atmospheric concentrations of 
CO have changed over the past 650 years. 
Their findings offer a striking and surpris- 
ing look at the history of fire in the Southern 
Hemisphere, and some hints at future global 
fire trends. 

In addition to CO concentrations, Wang 
et al. present the first record of changes in 
two stable isotopes—carbon-13 (!3C) and 
oxygen-18 ('8O)—which they use to esti- 
mate how much of the CO came from burn- 
ing biomass. This is a notable feat, consid- 
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ering the small amounts 
of air trapped in ice, the 
tiny amount of CO in 
the air (35 to 55 parts 
per billion), and the even 
smaller amounts of heavy 
isotopes in CO. A strik- 
ing pattern emerged. Bio- 
mass burning declined 
steadily from the 1300s 
through the 1600s, in 
parallel with cooling that 
occurred from the Medi- 
eval Warm Period to the 
Little Ice Age. Then, some 
combination of warm- 
ing and human activity 
drove a rapid increase in 
biomass burning, which 
peaked in the late 1800s 
before abruptly declin- 
ing to a historic low in the 
present. 

Wang et al.’s results 
add to a small but grow- 
ing literature on the global 
history of fire. Studying 
fire from an “earth sys- 
tem” perspective is a rela- 
tively immature field, despite its enormous 
importance for carbon cycling, atmospheric 
composition, and human welfare (2). Until 
very recently, there were no large-scale data 
on fires, apart from records kept by fire- 
fighting agencies in a few countries. Two 
developments have changed that situation: 
the availability of data on active fires and 
burned areas from remote-sensing satellites 
(3) and the assembly of charcoal abundance 
records from stratified sediments (4). The 
remote-sensing data provide detailed infor- 
mation on the spatial patterns and interan- 
nual variability of fires. The stratigraphic 
records reveal longer-term regional trends. 
Researchers have also obtained evidence of 
long-term fire trends from the °C content of 
atmospheric methane (5), which is dispro- 
portionately influenced by changes in the 
frequency and extent of fires. 

Wang et al.’s “top-down” observations 
dramatically confirm the recent history of 
global fire inferred from “bottom-up” char- 
coal records (4). Marlon et al. (4) show that 
a similar pattern, including the recent abrupt 
decline, was common to different regions of 
both hemispheres. The most plausible expla- 
nation for the decline is that it was a side 
effect of the spread of European-style inten- 
sive cropping and grazing, which dramati- 
cally reduced both fuel loads and connec- 
tions between fire-prone habitats, inhibiting 
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both the initiation and the spread of fires. 

To bridge the gap between the uppermost 
ice-core measurements and the present day, 
Wang et al. include one crucial data point 
based on direct atmospheric measurements, 
and several more derived from firn air (firn 
is the mixture of air and snow that eventually 
consolidates to become ice). These data con- 
firm that there has been a strong downward 
trend of biomass burning since the peak in 
the late 19th century and are consistent with 
the charcoal record (4). 

These findings challenge some of the 
myths that abound in the fire literature. None 
is more persistent than the perception that 
fires are caused mainly by human activi- 
ties. People start fires, it has been reasoned; 
therefore, in earlier times, when there were 
fewer people, there must have been less burn- 
ing. This faulty assumption underlies several 
attempts, some of which are cited by Wang et 
al., to reconstruct changes in the composition 
of the atmosphere during the industrial era. 
The evidence, however, shows the opposite. 
In southern Africa, for instance, research- 
ers using remote-sensing observations have 
found a negative relationship between human 
population density and burned area, with fire 
decreasing as population increases (6). And 
despite the high media profile of “deforesta- 
tion fires” in places like Indonesia and Brazil, 
research demonstrates that these fires are spa- 


VOL 330 
Published by AAAS 


Burning out. Studies of the recent history of fire, like this blaze in a California forest in 2009, 
suggest that total global biomass burning is now lower than at any time in the past 2000 years. 


PERSPECTIVES 


tially restricted and subject 
to strong climate control 
(7); total biomass burning 
during recent decades has 
been lower than at any time 
during the past 650 years 
(J) or even the past 2000 
years (4). Climate change, 
on the other hand, has had 
a major impact—as shown 
in the long decline in bio- 
mass burning in response 
to natural global climate 
changes of the past mil- 
lennium, which research- 
ers believe had an ampli- 
tude of no more than a few 
tenths of a degree. It is rea- 
sonable to expect that future 
climate change will greatly 
increase the risks of wildfire 
(2), especially if the global 
mean temperature increases 
by several degrees (8—10) 
as suggested by many 
projections. 

This new perspective 
on the recent history of 
fire brings both good news 


and bad. If biomass burning on a large scale 
is controlled mainly by climate, then this 
is bad news for Smokey the Bear (the U.S. 
advertising icon who says that “only you 
can prevent forest fires”). The good news 
is that, if we can predict fire risks by using 
process-based models (//—/3), we should 
be able to reduce fires through land use and 
fuel management. This approach, however, 
will require a major shift of policy empha- 
sis toward avoiding conditions that favor the 
spread of fire (/0). 
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mechanism by which Gwl controls mitotic 
entry and progression. Activation of Gwl by 
Cdk1 leads to direct phosphorylation of Ensa 
or Arpp19, either of which then blocks PP2A- 
B556. The consequence of this decrease in 
dephosphorylation is an increase in the net 
phosphorylation of mitotic substrates, result- 
ing in entry into mitosis (see the figure). 

These results raise new questions. Are 
Ensa and Arpp19 the only relevant sub- 
strates of Gwl? Depletion of these proteins 
in Xenopus and human cells supports this 
notion, and there is precedent for cell cycle— 
regulatory kinases (such as Weel) phos- 
phorylating a limited number of substrates. 
Gharbi-Ayachi et al. and Mochida et al. dis- 
agree about the relative importance of Ensa 
versus Arpp19 in Xenopus mitotic entry, and 
this will require further study. 

How is the phosphorylation of Ensa and 
Arpp19 regulated? Although Gharbi-Ayachi 


et al. and Mochida et al. suggest a simple 
mechanism—phosphorylation of a single 
serine residue by Gwl—other potential phos- 
phorylation sites in Ensa and Arpp19 have 
been identified by phosphoproteomic screens 
(12), including two tyrosine phosphorylation 
sites immediately adjacent to the Gwl site. 
Perhaps these additional phosphorylation 
events, catalyzed by other kinases, alter the 
affinity of Ensa and Arpp19 for PP2A-B558 
or other PP2A B subunits, or the activity of 
Gwl on Ensa and Arpp19. 

If phosphorylation of Ensa and Arpp19 
is important for mitotic entry, are both 
proteins inactivated at mitotic exit so that 
mitotic substrates can be dephosphory- 
lated? PP2A-B556 may not be required for 
dephosphorylating mitotic proteins at exit 
from mitosis; indeed, a screen of phospha- 
tases by RNA interference identified a dif- 
ferent PP2A heterotrimer, PP2A-B55q, as 
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a regulator of mitotic exit (/3). There may 
be additional PP2A inhibitors to be discov- 
ered, which are inactivated through as yet 
unknown mechanisms. 


References 
1. J. E. Ferrell Jr. et al., FEBS Lett. 583, 3999 (2009). 
2. A. Gharbi-Ayachi et al., Science 330, 1673 (2010). 
3. S$. Mochida, S. L. Maslen, M. Skehel, T. Hunt, Science 
330, 1670 (2010). 
4. L. Busino et al., Nature 426, 87 (2003). 
5. J. Yuetal., J. Cell Biol. 164, 487 (2004). 
6. J. Yu, Y. Zhao, Z. Li, S. Galas, M. L. Goldberg, Mol. Cell 
22, 83 (2006). 
7. E.Voets, R. M. Wolthuis, Cell Cycle 9, 3591 (2010). 
8. P.K. Jackson, Mol. Cell 22, 156 (2006). 
9. P.V. Castilho, B. C. Williams, S. Mochida, Y. Zhao, M. L. 
Goldberg, Mol. Biol. Cell 20, 4777 (2009). 
10. S. Mochida, S. Ikeo, J. Gannon, T. Hunt, EMBO J. 28, 
2777 (2009). 
11. S. Vigneron et al., EMBO J. 28, 2786 (2009). 
12. www.phosphosite.org 
13. M.H. Schmitz et al., Nat. Cell Biol. 12, 886 (2010). 


10.1126/science.1199898 


MATHEMATICS 


Being Glassy Without Being 


Hard to Solve 


Federico Ricci-Tersenghi 


he statistical mechanics that describes 
| collective phenomena in disordered 
systems and solutions to large search 
problems have important mathematical con- 
nections. One of the models that describes dis- 
ordered materials, the diluted p-spin model, 
is strongly related to the random XORSAT 
problem, a problem of finding variables that 
simultaneously satisfy a large number of logi- 
cal constraints (/). This relation has provided 
insight into how small changes in a model can 
modify its computational difficulty. 

Cooling a physical liquid creates an 
ordered crystal or a largely disordered con- 
figuration called a glass. Similarly, cooling 
a solid containing atoms with unpaired elec- 
tron spins may lead to a spin-aligned state (for 
example, a ferromagnet) or to a disordered 
spin glass. Simple models of interacting par- 
ticles or spins normally create the ordered 
state at low temperatures. Glass models, when 
cooled, form small regions of local order that 
mismatch at the boundaries, so that no ordered 
structure is evident on larger length scales. 

A natural dynamics exists for these mod- 
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els: Particles or spins are allowed to move or 
flip according to the change in energy this 
would produce. In a glass model, a large 
amount of energy is needed to rearrange the 
local structures all along the boundaries; 
relaxation times become huge and diverge 
at the glass critical temperature T,. Below 
T,, the system will likely get trapped in one 
of many false local energy minima above 
the true equilibrium energy. In most models, 
when this situation occurs, the computation 
of the ground states can be unfeasibly long. 
However, there are glass models in which 
the relaxation dynamics indeed get stuck at 
a threshold energy value, yet a different algo- 
rithm can find all of the ground states in a very 
efficient way. Although such models (consid- 
ered ideal glasses) are prototypes for complex 
systems, the problem of finding their ground 
state is easy to solve. 

An example of these ideal glass models is 
the diluted p-spin model, which is defined in 
terms of N spins s that either point up or down 
(1 or —1). Their interactions are described by 
the Hamiltonian 


oN 
H=-Y JSS 5, (1) 


i) 
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The threshold for mathematical problems 
being easy or hard to solve can be 
extremely abrupt. 


The sum runs over a set of oN randomly 
chosen triplets (i, 7, k) of neighboring sites (so 
in this case, p = 3, only triplet interactions are 
included), and the couplings J,, are quenched 
random variables (e.g., they are randomly set 
to +1 or —1). The specifics will not matter in 
the limit of large N. Typically, the ratio o of 
interactions per variable is chosen so that not 
all sites interact, and some are more connected 
than others. 

This model displays the desired dramatic 
increase of the relaxation times near T, that 
reproduces glass phenomenology (2, 3). 
Even when a spin configuration exists that 
satisfies all the interactions—which would 
favor ordering—a perfect glass still forms 
(4). This model has a mean-field nature—it 
reduces a difficult many-body problem to a 
simpler one-body problem—and could be 
solved analytically (5). 

The figure summarizes the properties of 
the diluted p-spin model that are relevant 
for discussing possible relations between 
glassiness and computational hardness. In 
this sketch, potential energy F is shown as a 
function of «. The green region corresponds 
to energy values that can be reached by a sto- 
chastic algorithm—one with randomly cho- 
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sen moves, such as a Monte Carlo Markov 
chain. These algorithms would get “stuck” 
at the threshold energy £, separating the 
green from the red region. The red region is 
full of local minima (the glassy states) and 
large energy barriers (it looks like an “egg 
carton”) and is hard to sample with stochas- 
tic local moves algorithms (and probably 
with any polynomial time algorithm). The 
blue line corresponds to unfrustrated ground 
states, that is, configurations with all inter- 
actions satisfied. 

The search for the unfrustrated ground 
states of the Hamiltonian (Eq. 1) can be eas- 


A Energy-relaxation algorithm 


Threshold 
energy BY 


Corrugated 
potential energy 


tions are satisfied. However, as the ratio o 
increases, the random XORSAT problem 
becomes more and more difficult to solve 
and finally cannot be satisfied (UNSAT). 
The largest & value for which solutions exist 
is called SAT-UNSAT threshold. As long as 
© is smaller than this threshold, the problem 
is linear and all solutions can be found effi- 
ciently, for example, by the Gaussian elimi- 
nation method, which takes a time of order 
N° in the worst case. 

In a sense, the random XORSAT prob- 
lem in computer science can be viewed as a 
limiting case (for temperature going to zero) 
of the diluted p-spin model in phys- 
ics, and it is curious that its solution 
has been reached by the two com- 
munities independently and at the 
same time (7, 8). 

Returning to the figure, an 
important connection can be made 
about computational hardness. 
The blue line is computationally 
easy and can be sampled in poly- 
nomial time. However, it extends 


L_sAT-UNSAT 
oO threshold 


The line between easy and hard. A schematic picture for the 
potential energy F of a glass model (the diluted p-spin model) as 
a function of the ratio of interactions or constraints per vari- 
able. The green region corresponds to configurations that can 
be easily sampled by a standard stochastic algorithm with local 
moves (e.g., Monte Carlo methods). In the red region, deep local 
minima separated by high energy barriers make the sampling 
of configurations a computationally hard problem. The zero- 
energy ground-state configurations along the blue line (at the 
horizontal axis) can be sampled efficiently, because this prob- 
lem is not computationally hard before the satisfiability (SAT- 
UNSAT) threshold. However, configurations on the blue line 
cannot be accessed by cooling the glass model: In this case, 
a straightforward connection between physical glassiness and 


below the red hard region that can- 
not be accessed by the stochastic 
searches. The naive connection 
between glassiness and hardness 
fails. Thus, it is not possible to say 
a priori that a complex physical 
problem does always correspond to 
a computationally hard problem. It 
is entirely possible to find an easy 
problem that looks “glassy” and 
difficult to solve if approached 
with a suboptimal algorithm. 
Despite the existence of specific 
cases like the diluted p-spin model, 
scientists believe in a strong con- 
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computational complexity cannot be made. 


ily recast as solving a set of &N linear equa- 
tions in N Boolean (true or false) variables 
of the type 
x, XOR x; XOR x, = Cin (2) 

where XOR is the exclusive OR opera- 
tion—the XOR statement is true if one but 
not both arguments are true. As before, 
the triplets are randomly chosen, and the 
known constants c,, are randomly fixed to 
true or false with probability 1/2. Equation 
2 is a constraint satisfaction (SAT) problem 
(CSP)—each equation imposes a constraint 
on the Boolean variables—and is called a 
random XORSAT problem (6). 

For small values of the ratio a of con- 
straints per variable, true and false values 
can be found so that all oN linear equa- 


nection between the physical com- 

plexity of a model (e., the prop- 
erties of its potential energy, which deter- 
mine phase transitions) and the compu- 
tational complexity of the corresponding 
CSP (9-11). Indeed, the peculiarity of the 
diluted p-spin model arises from an intrin- 
sic symmetry in the model (6) that allows 
easy computation of configurations satisfy- 
ing all interactions. As soon as this symme- 
try is broken, the computation of ground- 
state configurations becomes very difficult, 
even if these configurations satisfy all inter- 
actions (/2). 

In general, the connection between phys- 
ical complexity and computational com- 
plexity may apply and may help in solving 
the following very important open problem. 
Computational problems fall into one of two 
complexity classes (/3). The class P con- 
tains all of the problems for which a solv- 
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ing algorithm running in polynomial time is 
known, whereas the class NP contains all of 
the problems for which such an algorithm is 
not available, although a candidate solution 
can be checked in polynomial time. If the 
classes P and NP turn out to coincide—that 
is, if the “P = NP” conjecture is true—our 
world would change dramatically. For exam- 
ple, current cryptographic codes, based on 
the NP hardness of factoring large numbers, 
would be useless. 

Scientists strongly believe P and NP 
classes to be different. In August 2010, some 
Internet blogs reported a claim of a proof 
that P # NP by Vinay Deolalikar. A wiki 
site aggregates most of the information on 
the proof and the discussion about it (/4). 
The proof tries to connect the complexity of 
the solution space of random CSPs (i.e., the 
structure of ground states of the correspond- 
ing physical model) and the complexity of 
algorithms for finding solutions to these 
problems. 

In essence, Deolalikar tries to prove that 
those random CSPs in which solutions form 
clusters with frozen variables (that is, vari- 
ables taking the same value for all solutions 
in the cluster) cannot be solved in polyno- 
mial time by any algorithm. However, the 
diluted p-spin model is a classical example 
that a simple connection cannot work. The 
solution space of random XORSAT prob- 
lems shows clustering with frozen variables 
(7), but the problem is solvable in polyno- 
mial time. Certainly, we need to understand 
better this connection, and hopefully Deola- 
likar’s work will help in this regard. 
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RETROSPECTIVE 


Britton Chance (1913-2010) 


P. Leslie Dutton 


ritton Chance was the Eldridge 
B Reeves Johnson emeritus profes- 

sor of biophysics, physical chemis- 
try, and radiologic physics at the University 
of Pennsylvania. In a remarkable life, he was 
both a renowned biophysicist and a world- 
class yachtsman. Recognized for his pioneer- 
ing research on how living organisms cap- 
ture, manage, and produce cellular energy, he 
leaves a rich legacy of laboratory and clinical 
instrumentation and a wide range of discov- 
eries and principles fundamental to biologi- 
cal catalysis and energetics, and biomedical 
application. Among his many honors was the 
National Medal of Science (1974). His par- 
allel, lifelong love affair with sailing, mainly 
enjoyed in Barnegat Bay, New Jersey, cul- 
minated in his gold medal in the 1952 sum- 
mer Olympics. Britton Chance pursued his 
research and sailing until his death on 16 
November at age 97. 

Chance graduated from the University of 
Pennsylvania with bachelor’s and master’s 
degrees in the 1930s, and a Ph.D. in physi- 
cal chemistry and engineering in 1940. Apart 
from short periods at Cambridge University, 
England, where he earned a second Ph.D. in 
biology and physiology (1943), at the Massa- 
chusetts Institute of Technology (MIT) dur- 
ing World War II (1941 to 1945) where he 
worked on radar, and at Stockholm as a Gug- 
genheim Fellow (1946 to 1948), his career 
was at Penn. He joined the Johnson Research 
Foundation in the School of Medicine in 
1943 and became its director in 1949. 

Chance’s time at Penn from student to 
emeritus (1983) was marked by a succession 
of outstanding achievements, from novel 
instrumentation to biophysical research 
strategies. His capacity for innovation with 
mechanics, electronics, and optics was evi- 
dent from an early age. During extended 
family sailing trips he became the qualified 
radio operator; at age 13, he built his first 
powerful radio transmitter and became a 
ham radio enthusiast. By age 17 he had built 
and patented an automatic ships-steering 
device incorporating a novel servomecha- 
nism. Interest in the device took him to Eng- 
land in 1938, and to Cambridge, where he 
extended his Ph.D. research in rapid flow/ 
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mixing techniques. 
Under contract from the 
British General Electric 
Company, he installed 
his automatic steering 
device in a 20,000-ton 
refrigerator ship and 
sailed with it from Eng- 
land to Australia. Back 
in Cambridge and super- 
vised by Glenn Mil- 
likan, he moved from 
chemistry to enzyme 
mechanisms. In 1940, at 
the beginning of World 
War II in Europe, he 
returned to the United 
States and was admit- 
ted to the Johnson Research Foundation at 
Penn. But as the United States entry into the 
war loomed, Chance’s reputation for imagi- 
native and effective use of electricity, elec- 
tronics, and light prompted his recruitment 
to the Radiation Laboratory at MIT. Early 
success there in developing submicrosecond 
circuits for radar directing guns and bomb- 
ing elevated him to group leader and then 
the Steering Committee of the “Rad Lab,” 
and by the end of the war he was in charge 
of a research team of 300. In looking back 
on this period, Chance reflected that he was 
happy to have played a part in the war effort. 

The ensuing three decades at Penn saw 
Chance’s many discoveries in biological 
energetics. His 1930s miniaturized stopped- 
flow device demonstrated the long-predicted 
enzyme-substrate complex. In the 1950s, 
using the dual-wavelength spectrophotom- 
eter that he invented, Chance revealed many 
of the cellular redox cofactors of respira- 
tory electron transfer that remain fundamen- 
tal textbook knowledge. Moreover, in semi- 
nal work, he defined the energetic states and 
the reversibility of mitochondrial oxidative 
phosphorylation (state 3, state 4, etc.) that 
are essential descriptors for assessing health, 
damage, or disease in mitochondria. In the 
1960s, using a ruby laser to activate photo- 
synthetic bacteria at cryogenic temperatures, 
he discovered that biological electron trans- 
fer is governed by quantum-mechanical tun- 
neling, a mechanism that underpins photo- 
synthesis, respiration, and many of the most 
conspicuous oxidoreductase enzymes. In the 
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A pioneering scientist and gold medal 
Olympian had unflagging energy and 
broad interests that fueled his research. 


1970s, he discovered that 
superoxide and peroxide 
are generated by respira- 
tory complex II (cyto- 
chrome bc,) during normal 
energy-coupled respiratory 
electron transfer. Now rec- 
ognized more widely and 
called reactive oxygen spe- 
cies, this phenomenon is 
the subject of intensive bio- 
medical research on cellu- 
lar regulation and in age- 
related diseases. In the late 
1970s, Chance turned to 
pioneering magnetic reso- 
nance spectroscopy to track 
cellular energetics deep in 
live tissue through phosphorous compounds 
of oxidative phosphorylation. Magnets of 
ever-increasing bore size saw his research 
scale from mice to men en route to the now 
widely used magnetic resonance imaging, but 
in the 1990s he returned to his forte of small, 
inexpensive electro-optical instruments 
designed to analyze living tissue. 

In his mid-70s, Chance (then emeritus) 
launched a new field of optical diagnostics that 
rests on the physics of light diffusion through 
scattering materials such as living tissue. 
He showed that scattered near-infrared light 
pulses could not only measure the dynamics 
of oxy- and deoxyhemoglobin levels in per- 
forming muscles, but also reveal and locate 
tumors and cancerous tissue in muscles and 
breast as well as injury in the brain. Because 
changing patterns of oxy- and deoxyhemoglo- 
bin in the brain reflect cognitive activity, the 
applications of his diagnostic approach wid- 
ened to include assessing neuronal connectiv- 
ity in premature babies. 

In recent times, Chance’s research focused 
on the possibility of analyzing the energy 
status of cells in living tissue in terms of the 
energy and redox states of mitochondria that 
he had described over half a century ago. 
The “metabolometer’ that he and colleagues 
in Taiwan developed is small enough to be 
inserted into body cavities to make such 
measurements. Although the application of 
this device must still be tested, such visions 
for biomedical optics ensure that his work 
will be remembered well into the future. 
10.1126/science.1200976 
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A Giant Planet Around a Metal-Poor 
Star of Extragalactic Origin 


Johny Setiawan,** Rainer J. Klement,” Thomas Henning,” Hans-Walter Rix,” Boyke Rochau,” 


Jens Rodmann,2 Tim Schulze-Hartung* 


Stars in their late stage of evolution, such as horizontal branch stars, are still largely unexplored 
for planets. We detected a planetary companion around HIP 13044, a very metal-poor star on 
the red horizontal branch, on the basis of radial velocity observations with a high-resolution 
spectrograph at the 2.2-meter Max-Planck Gesellschaft—-European Southern Observatory telescope. 
The star’s periodic radial velocity variation of P = 16.2 days caused by the planet can be 
distinguished from the periods of the stellar activity indicators. The minimum mass of the 
planet is 1.25 times the mass of Jupiter and its orbital semimajor axis is 0.116 astronomical units. 
Because HIP 13044 belongs to a group of stars that have been accreted from a disrupted 

satellite galaxy of the Milky Way, the planet most likely has an extragalactic origin. 


ets have been detected beyond our solar 

system. Most of these extrasolar planets or- 
bit Sun-like stars. A small number have been 
detected around stars that are in their late evo- 
lutionary state, such as red giant branch (RGB) 
stars and pulsars. The phase directly after the 
RGB stage, the horizontal branch (HB), how- 
ever, is still unexplored; therefore, there is no 
empirical evidence for whether close-in planets, 
i.e., those with semimajor axes less than 0.1 as- 
tronomical unit (AU), survive the giant phase of 
their host stars. 

In addition to its evolutionary stage, a star’s 
chemical composition appears to be a major in- 
dicator of its probability for hosting a planet. 
Previous studies [e.g., (/)] showed that main- 
sequence (MS) stars that host giant planets are 
metal-rich. This finding is supported by the large 
exoplanet search surveys around MS stars report- 
ing a connection between planet frequency and 
metallicity (2, 3), and a survey of 160 metal-poor 
MS stars finding no evidence for Jovian plan- 
ets (4). 

Until now, few planets have been detected 
around stars with metallicities as low as [Fe/H] = 
—1, 1e., 10% of the Sun’s metallicity. The detec- 
tion of PSR B1620 b, a Jovian planet orbiting a 
pulsar in the core of the metal-poor globular clus- 
ter M4 ({Fe/H] = —1.2), suggests, however, that 
planets may form around metal-poor stars (5, 6), 
although the formation mechanism of this par- 
ticular planet might be linked to the dense clus- 
ter environment (7). 

We used the Fiber-fed Extended Range Op- 
tical Spectrograph (FEROS), a high-resolution 


iE the past two decades, several hundred plan- 
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spectrograph (resolution R = 48,000) attached to 
the 2.2-m Max-Planck Gesellschaft-European 
Southern Observatory telescope (8), to observe 
the star HIP 13044. This star is classified as a 
red HB (RHB) star (Fig. 1), and its metal con- 
tent is [Fe/H] mean = —2.09 (9-/2), 1.e., about 
1% that of the Sun. So far, HIP 13044 is not 
known as a binary system. Detailed stellar pa- 
rameters can be found in Supporting Online 
Material (SOM) text 1. 

Previous radial velocity (RV) measurements 
of HIP 13044 showed a systematic velocity of 
about 300 km s | with respect to the Sun, indi- 
cating that the star belongs to the stellar halo 


My [mag] 


-1 0 


(73). Indeed, the star has been connected to the 
Helmi stream (/4), a group of stars that share 
similar orbital parameters that stand apart from 
those of most other stars in the solar neighbor- 
hood. The Helmi stream stars move on prograde 
eccentric orbits [pericentric radius (Rpei) ~ 7 
kiloparsec (kpc; 1 parsec = 3.26 light-years), 
apocentric radius (Rap) ~ 16 kpc] that reach 
distances up to |Z\max ~ 13 kpe above and below 
the galactic plane. From that, it has been con- 
cluded that these stars were once bound to a sat- 
ellite galaxy of the Milky Way (0, /4) that was 
tidally disrupted 6 to 9 billion years ago (/5). 

The variation of the RV between our obser- 
vations at different epochs has a semi-amplitude 
(K) of 120 ms! (J6) (Fig. 2). The generalized 
Lomb Scargle (GLS) periodogram (/7) reveals a 
significant RV periodicity at P= 16.2 days with a 
false alarm probability (FAP) of 5.5 x 10°. 
Additional analysis, using a Bayesian algorithm 
(/8), yields a similar period around 16 days. Such 
RV variation can be induced by an unseen orbit- 
ing companion, by moving or rotating surface 
inhomogeneities, or by nonradial stellar pulsa- 
tions. Exploring both stellar rotational modula- 
tion and pulsations is critical when probing the 
presence of a planetary companion, because they 
can produce a similar or even the same RV var- 
iation, mimicking a Keplerian motion. 

A well-established technique for detecting 
stellar rotational modulation is to investigate the 
line profile asymmetry or bisector (/9) and Ca 
II lines (SOM text 3). Surface inhomogeneities, 
such as starspots and large granulation cells, 
produce asymmetry in the spectral line profiles. 


1 2 
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Fig. 1. Location of HIP 13044 in a My versus B — V color-magnitude diagram (CMD) shown as a black dot 
superimposed to the CMD of Messier 3 (gray open circles) based on the photometry by (46). Apparent 
magnitudes have been converted to absolute magnitudes by considering the distance modulus and 
extinction given by Harris (47). The gap separating the blue and red horizontal branch (RHB) is due to RR 
Lyrae instability strip. The CMD location of HIP 13044 implies that it is a core He-burning star, located at 
the blue edge of the RHB. Further candidates for post-RGB stars hosting planets and/or brown dwarfs, 
V391 Peg, HW Vir, and HD 149382 (31—33), are displayed as crosses. 
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When a spotted star rotates, the barycenter of 
the line profiles moves periodically and the var- 
iation can mimic a RV variation caused by an 
orbiting companion. Instead of measuring the 
bisectors, one can equivalently use the bisector 
velocity spans (BVSs) to search for rotational 
modulation (20). Adopting this technique, we 
have measured BVSs from the stellar spectra. 
There is only a weak correlation between BVS 
and RV (correlation coefficient = —0.13), but the 
BVS variation shows a clear periodicity with 
P = 5.02 days (SOM text 3.1.1). No period 
around 16 days is found in the BVS variation. 
In addition to the BVS analysis, we investi- 
gated the variation of the Ca II 1849.8 line, 
which is one of the Ca II infrared triplet lines. 
From the observed Ca II 1849.8 equivalent-width 
variations, we computed a mean period of 6.05 
days (SOM text 3.1.2), which is on the same 
order of the period of the BVS variation. We 
adopted the mean period of both stellar activity 
indicators, P,o, = 5.53 + 0.73 days, as the stellar 
rotation period of HIP 13044 and then calculated 
the inclination angle of the stellar rotation axis, 
which follows from P,o/sini = 27+ /v sini. With 
a stellar radius R« = 6.7 times the radius of the 
Sun (2/) and our adopted value for the projected 
rotational velocity, v sini = 10.25 km s |, which 
was derived from the observed line broad- 
ening (SOM text 1), we obtained an inclination 
angle i = 9.7° + 1.3°. Thus, the real stellar rota- 
tion velocity is ~62 km s |, which is typical for 


an early F-type MS star but relatively high for 
HB stars. 

An explanation for this high rotation velocity 
is the assumption that HIP 13044 has engulfed 
its close-in planets during the red giant phase. In- 
falling planets are able to spin-up their host star 
(22-24), and this mechanism has been suggested 
to explain the high v sini values observed for 
many RGB and HB stars (25). 

We observed variations of HIP 13044 in the 
photometric data from the Hipparcos satellite (26) 
and SuperWASP (27) (SOM text 3.2.4). Where- 
as the Hipparcos data show only a marginal sig- 
nificant periodicity of 7.1 hours (FAP = 1.8%), 
the SuperWASP data show few intraday perio- 
dicities with FAP ~ 1% and two significant pe- 
riodicities at 1.39 (FAP = 5 x 10%) and 3.53 
days (FAP = 2 x 10%). These two periods, 
however, are most likely harmonic to each other 
(141 + 3.51 = 1). It is expected that HIP 
13044 oscillates only at pulsationally unstable 
overtones of high order (28). Observations of one 
RHB star in the metal-poor globular cluster NGC 
6397 (29), as well as theoretical predictions (28), 
set these periods in the range of a few hours to a 
day. No clear theoretical predictions for a star 
with parameters similar to those for HIP 13044 
exist, hence it is possible that some high-order 
oscillations can explain the 1.4- or 3.5-day sig- 
nal. What is important, however, is that there is 
no signal of a period around 16.2 days in the 
photometric data. 
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Fig. 2. (A) RV variation of HIP 13044. The RV values have been computed from the mean RVs of 20 
usable echelle orders of the individual spectrum. The error bars have been calculated from the standard 
error of the mean RV of each order. (B) RV variation phase-folded with P = 16.2 days. 
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The arguments above show that neither stel- 
lar rotational modulation nor pulsations are 
plausible sources of the observed periodic RV 
variation. Therefore, the best explanation for the 
~16-day period is the presence of an unseen 
companion. We computed its orbital solution 
(Table 1). Its minimum mass lies securely in the 
planetary mass domain, even with a plausible 
sini uncertainty. With an eccentricity (e) of 0.25 
and a semimajor axis (a) of 0.116 AU, the planet 
has a periastron distance of about 0.087 AU, 
which is ~2.8 times the present stellar radius. The 
periastron is ~0.06 AU away from the stellar 
surface. 

Because many known exoplanets have or- 
bital semimajor axes between 0.01 and 0.06 AU, 
the distance between the periastron and the star 
HIP 13044 itself is not unusual. The noncircular 
orbit (e = 0.25), however, is not expected for a 
close-in giant planet around a post-RGB star. 

In the case of HIP 13044, the original orbit 
could have been disturbed or changed during 
the evolution of the star-planet system, particu- 
larly during the RGB phase (22). Notably, the 
orbital period of HIP 13044 b is close to three 
times the stellar rotation period. A number of 
known planetary systems also have such a “cou- 
pling” between the stellar rotation and orbital 
periods, e.g., Tau Boo (1:1), HD 168433 (1:2), HD 
90156 (1:2), and HD 93083 (1:3). Such plane- 
tary systems are particularly interesting for study- 
ing star-planet interactions (30). 

So far, few planets or brown dwarfs have been 
detected around post-RGB stars besides the pul- 
sar planets, namely V391 Peg (37), HW Vir (32), 
and HD 149382 (33) (Fig. 1). These are, however, 
substellar companions around subdwarf-B or 
Extreme Horizontal Branch (EHB) stars, Le., 
the nature of their host stars differs from that of 
HIP 13044, an RHB star. Contrary to RGB stars, 
such as G and K giants (34-37), and subgiants, 
e.g., (38), HB stars have not yet been extensively 
surveyed for planets. 

Although at least 150 MS stars bear close-in 
(a = 0.1 AU) giant planets, so far no such plan- 
ets have been reported around RGB stars. A 
possible explanation is that the inner planets 
have been engulfed by the star when the stellar 
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Table 1. Orbital parameters of HIP 13044 b. «, 
longitude of periastron; JDo, Julian date of periastron 
passage; rms, root mean square deviation; Myup, 
mass of Jupiter. 


P 16.2 + 0.3 days 
K 119.9 + 9.8 ms* 
e 0.25 + 0.05 
(0) 219.8 + 1.8 degrees 
JDo — 2,450,000 5,109.78 + 0.02 days 
2 32.35 mst 
rms 50.86 mst 
Mp2 sini 1.25 + 0.05 Myup 
0.116 + 0.01 AU 
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atmosphere expanded during the giant phase. 
The survival of HIP 13044 b during that phase 
is theoretically possible under certain circum- 
stances (22, 39, 40). It is also possible that the 
planet’s orbit decayed through tidal interaction 
with the stellar envelope. However, a prerequisite 
to survival is then that the mass loss of the star 
stops before the planet would have been evapo- 
rated or accreted. Assuming asymmetric mass 
loss, velocity kicks could have increased the ec- 
centricity of HIP 13044 b to its current, somewhat 
high value (4/). The same could be achieved by 
interaction with a third body in the system. 

A survey to characterize the multiplicity of 
EHB stars showed that more than 60% of the 
sample are close binaries (42). Their orbital radii 
are much smaller than the stellar radius in the 
RGB phase. This could be explained by the high 
friction in the interstellar medium, which would 
move a distant companion toward the primary. 
Such a spiral-in mechanism could also take place 
in the RGB-to-RHB transition phase. Similar 
to the binary case, a distant giant planet in the 
RGB phase can move toward the primary into a 
smaller orbit. Consequently, the resulting close 
orbiting planets will be engulfed when the stellar 
envelope expands again in the next giant phase. 
HIP 13044 b could be a planet that is just about 
to be engulfed by its star. 

HIP 13044, with a mean metallicity estimate 
of [Fe/H] = —2.1, is far more metal-poor than 
any known exoplanet-hosting star (Fig. 3). For 
the existing theories of hot giant planet forma- 
tion, metallicity is an important parameter, in 
particular, it is fundamental for the core-accretion 
planet formation model (43). It might be that ini- 
tially, in the planet-formation phase, HIP 13044 
had a higher metallicity, and that during its sub- 
sequent evolution, it lost its heavier elements. For 
example, during the giant phase, heavy elements 
could have had been incorporated into dust grains 
and then separated from the star’s atmosphere 
(44). However, given the star’s membership in 
the Helmi stream, in which the most metal-rich 
subdwarfs known so far have [Fe/H] ~ —1.5 (45), 
we do not expect its initial Fe abundance to ex- 
ceed this value. 


1.5 -10 -05 00 05 1.0 
Metallicity [Fe/H] 


Finally, as a member of the Helmi stream, HIP 
13044 most probably has an extragalactic ori- 
gin. This implies that its history is likely different 
from those of most known planet-hosting stars. 
HIP 13044 was probably attracted to the Milky 
Way several billion years ago. Before that, it 
could have belonged to a satellite galaxy of the 
Milky Way similar to Fornax or the Sagittarius 
dwarf spheroidal galaxy (/4). Because of the long 
galactic relaxation time scale, it is extremely 
unlikely that HIP 13044 b joined its host star 
through exchange with some Milky Way star, 
after the former had been tidally stripped. The 
planet HIP 13044 b could thus have a non- 
Galactic origin. 
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Experimental Spin Ratchet 


Marius V. Costache* and Sergio O. Valenzuela 


1,2,3% 


Spintronics relies on the ability to transport and use the spin properties of an electron rather 
than its charge. We describe a spin ratchet at the single-electron level that produces spin currents 
with no net bias or charge transport. Our device is based on the ground-state energetics of a 
single-electron transistor comprising a superconducting island connected to normal leads via 
tunnel barriers with different resistances that break spatial symmetry. We demonstrate spin 
transport and quantify the spin ratchet efficiency by using ferromagnetic leads with known spin 
polarization. Our results are modeled theoretically and provide a robust route to the generation 


and manipulation of pure spin currents. 


transport in the presence of a signal or per- 

turbation that drives the system without an 
obvious bias in any preferred direction of motion. 
The perturbation generates usefull work, for instance, 
the transport of particles, when combined with 
asymmetry, often realized by a so-called ratchet 
potential (Fig. 1A) (/—3). Experimental realiza- 
tions of ratchets are spread over many different 
fields of biology, chemistry, and physics, where the 
perturbation may be external to the system (e.g., 
induced by an experimentalist) or intrinsic to it (e.g., 
nonthermal noise). In mesoscopic structures, ex- 
periments have demonstrated ratchets in both the 
quantum and classical limits (4-6). On such small 
scales, noise rectification with ratchets can be used 
to control particle transport and has become one of 
the most promising techniques for powering nano- 
devices (3). 

Because of the growing interest in the spin degree 
of freedom as a carrier of information (7) as well as 
a means to address fundamental properties of quan- 
tum mechanics and quantum computation (8), a 
variety of ratchets have been proposed in pursuit 
of unidirectional spin currents and spin control 
(9-12). A pure spin ratchet (//) generalizes the 
particle ratchet mechanism (/—3), enabling pure 
spin currents by means of broken spatial symmetry 
(9-12). Thus, an indispensable hallmark for a spin 
ratchet is the breaking of the inversion symmetry 
for spin but not charge (//), whereby the ratchet- 
potential easy direction for one spin orientation is 
opposite to the ratchet-potential easy direction for 
the other spin orientation (Fig. 1A). Recent theo- 
retical efforts use mesoscopic semiconductors 
and nonuniform magnetic fields (9), asymmetric 
periodic structures with Rashba spin-orbit inter- 
action (/0), and double-well structures combined 
with local external magnetic fields and resonant 
tunneling (/2). 

The concept of our spin ratchet is different 
from what has been proposed before. A small- 


B rownian motors or ratchets refer to directed 
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volume superconducting (S) island is connected 
via tunnel junctions with two normal metal elec- 
trodes [N(1) and N(r)] to form an asymmetric single- 
electron transistor (SET) with different tunneling 
resistances (Fig. 1B). A voltage V applied across 
the SET drives the system, whereas a voltage on 
the back gate V, sets the induced gate charge O = 
VC, on the island, with C, the capacitive coupling 
between the island and the gate. 


x hard 
¥ 


Gate Voltage, V, 


Gate Voltage, Vg 
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At low temperatures, parity effects in the super- 
conducting island are important (/3—/6). When 
the number of conduction electrons n is odd, 
there is necessarily one unpaired electron that is 
manifest as a quasiparticle excitation (/3, 17). 
The ground state energy of the system for odd n 
is higher than for even n by the superconducting 
gap A, which in our design is larger than the 
charging energy, E, (Fig. 1C). In order to break 
the symmetry between spin-up and spin-down 
transport, a magnetic field B is applied in-plane 
along the axis of the electrodes [spin up refers to 
spins parallel to B, whereas spin down refers to 
spins antiparallel to B]. This field splits the quasi- 
particle levels (e.g, n = 1) and n = 1") by the 
Zeeman energy E7 = gitpB, where g is the g factor 
of the superconductor and [tg the Bohr magneton, 
but it does not affect the Cooper-pair states (e.g., 
n = 0 and n = 2), which are singlet states, and it 
weakly reduces A because orbital depairing is 
minimized by an in-plane B (/8) (Fig. 1, D and 
E). The n = 1! state shifts down continuously 
with increasing B and, at Bsr = 2(A — E,)/(gu) 


ii 
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R 
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+V/2 V, 
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Gate Voltage, Vg 


Fig. 1. SET spin ratchet. (A) In the presence of a ratchet potential and a driving force without a 
preferential direction, spin-down and spin-up electrons can be forced to move in opposite directions, 
giving rise to a spin current. (B) Scanning electron microscope image of an SET spin ratchet. A small- 
volume superconducting (S) island is contacted with two metal electrodes [N(l) and N(r)] via tunnel 
junctions with different tunnel resistances, R, > R,. The bar is 100 nm long. A voltage V is applied across 
the electrodes, and a voltage V, on the back gate. (C to E) SET energetics of Cooper-pair and quasi-particle 
states (top) and associated below-gap voltage thresholds (bottom) for single- and two-electron transport 
at low temperatures for B = 0 (C), B = Bcp (D) and B > Bp (E). Dashed and solid lines represent the 
positions of the Andreev and quasi-particle conductance thresholds, respectively. 
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(Fig. 1D), it becomes degenerate with both the 
zero (n = 0) and the one (n = 2) excess Cooper- 
pair states for O/e = 1 (e is the electron charge). 

The spin ratchet effect occurs at B = Bgp. 
Insight into the underlying mechanism can be 
gained by analyzing the relevant charge transport 
processes and their occurrence rates. Single-electron 
tunneling processes in the | and r junctions cause 
transitions between even (e) n = 0,2 and odd (0) 
n= 1" states with rates Tyf, and Ty", whereas two- 
electron Andreev processes cause transitions be- 
tween even n = 0 and n = 2 states with rates I", 
(Fig. 1D). For a spin ratchet, the rate hierarchy 
rA «Te < re « 1% is required, where the | 
junction transparency is chosen to be smaller 
than that of the r junction. There, driving single- 
particle cycles (subsequent addition and removal 
of an electron from the SET island) results in a net 
spin current into one preferred direction in the fol- 
lowing manner. A cycle that only uses transitions 
between n = 0 and n= 1* (cycle 01) only transports 


Fig. 2. Spin transport 
regimes in an applied 
magnetic field and char- 
acteristics of an SET spin 
ratchet. (A) B = 0. (B) 
B=1T.(C()B=1.5T. 
(D) B = 2.5 T. The top 
images represent the SET 
energetics of Copper-pair 
and quasi-particle states 
at the associated B (left) 
and show the above-gap 
response di/dV versus Vg, 
which sets Qe, and bias V 
(right). The bottom im- 
ages show the below-gap 
transport in the SET (black 
area in the above-gap 
di/dV plots), that is, di/dV 
versus V,, and bias V. 
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spin-down electrons through the SET, whereas a 
cycle that only uses transitions between n = 2 and 
n= 1" (cycle 21) only transports spin-up electrons. 
The essential ingredient to the spin ratchet 
mechanism is that, for PP* < F?*, cycle 01 dom- 
inates at positive V; whereas cycle 21 dominates at 
negative V. Hence, in both cases there is a net spin- 
up current from, say, left to right through the SET. 
Because the charge transferred is null in average 
when a voltage V with zero mean is applied, the 
SET spin ratchet generates spin currents with no 
charge transport (/9). 

The thresholds for single- and two-electron 
Andreev events in an SET fulfilling the above 
rate hierarchy are shown schematically in Fig. 1, 
C, D, and E. At B = 0, single-electron transport 
sets in only for V > 2(A — E,)/e, when the odd 
state is reached (Q/e = 1). When B is applied, the 
Andreev and quasi-particle thresholds become 
closer, and, at Bgr, they coincide. There, single 
electron transport is possible even at V ~ 0, and 
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di/dV (nS) 


the spin ratchet is effective for an unbiased 
where the spin orientation of moving electrons 
changes sign at V = 0. For larger B, the ground 
state energetics of the SET fully separates cycles 
01 and 21 around the degeneracy points (A) and 
(B) (/8). There, the asymmetric SET acts as a 
diode that resolves spin (/9). 

We have realized the proposed SET spin ratchet 
by using electron-beam lithography and shadow 
evaporation techniques (20). The small (6 nm thick 
by 40 nm wide by 250 nm long) superconducting 
island is made from aluminum, which is oxidized 
and contacted with two metal leads. Sequential 
deposition of the leads from two different angles 
allowed us to generate distinct tunneling resist- 
ances in the junctions (/9). We verified the spin- 
ratchet mechanism in Fig. 1 by means of ferro- 
magnetic (F) leads made of CoFe that were used as 
spin detectors (FSF device). The spin polarization 
sign change at V = 0 is preserved, as when using 
normal leads, but the effective polarization of the 
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leads, Pp, measures the relative contribution of 
cycles 01 and 21. For a quantitative measurement 
of the spin-ratchet efficiency, we independently 
determined P;. We accomplished this by using 
similarly fabricated junctions embedded in non- 
local spin devices, for which we obtained Pp ~ 
0.28 (20, 21). 


The electron transport properties of such an 
FSF SET were fully characterized by means of 
differential conductance di/dV measurements at 
above-gap voltage bias, from which we estimated 
Tee = 8 x 10°s "| <P = 4 x 10’ 5) << Pe = 5 x 
10s | (19). Figure 2 shows the evolution of di/idV 
as a function of the magnetic field at below-gap bias 
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Fig. 3. Spin filtering. (A) B = 0. (B) B=1T. (C) B= 


“200 0 200 
Voltage bias, V (uV) 
1.5 T. (D) B = 2.5 T. Differential conductance di/dV 


versus V cross sections along the dotted white lines in Fig. 3. In (D), the red and blue curves are cross 
sections along the white lines indicated with red and blue, respectively, arrows in Fig. 2D. 


Fig. 4. Spin-filtering detection using 
an NSF sample. (A) B = 0. (B) B= 2 T. 
(Insets) di/dV versus Q/e and bias V. The 
difdV versus V cross sections (main graphs) 
are taken along the corresponding dotted 
lines in the insets. 
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for this device. At B = 0, we observe a symmetric 
response about V= 0 (Fig. 2A). There, di/dV is zero 
within the sensitivity of our measurements for 
voltage magnitudes below the gap, except at the 
quasi-particle thresholds, where it presents a peak 
whose intensity is nearly independent of Vand V, 
(22). The below-gap quasi-particle thresholds cross 
at about Vo = 259 pV (Fig. 2A). This is in agree- 
ment with Vo ~ 2(A — E,)/e (Fig. 1C) when using 
E.= 170 peV and A ~ 303 peV as obtained from 
the above-gap thresholds [fig. S2 (/9)]. At B = 
1 T, Vo decreases to 94 nV because of Ez. At B= 
1.5 T, Vo becomes zero and the SET is in the pure 
spin ratchet regime (Fig. 1D) (23). 

Of key importance, the differential conduct- 
ance at B # 0 (Fig. 2, B and C) is no longer sym- 
metric about V = 0, presenting a larger magnitude 
for V > 0 than for V < 0 along the below-gap 
quasi-particle thresholds. This observation is con- 
sistent with the description in Fig. 1 and represents 
an experimental confirmation of the spin ratchet 
effect. Indeed, the asymmetry results from Pp 
and the fact that the current across the SET for 
positive and negative V has opposite spin po- 
larization. The leads are always magnetized par- 
allel to each other along the B direction and, 
because Pp > 0, they favor the dominant spin-down 
current cycle 01 at V> 0 and hinder the dominant 
spin-up current cycle 21 at V < 0. We quantify 
such a transport asymmetry by using the param- 
eter B = (Gj — G,)/(G) +G,), where G} = 
AAV Nea (V > 0) and Gy = dIfdV Speax V < 
0) are the values of the peak conductances along 
the dotted white lines in Fig. 2. At B= 0 (Figs. 2A 
and 3A), B is zero within the sensitivity of our 
measurements, as expected. At B = 1 T and B= 
1.5 T (Fig. 2, B and C, and Fig. 3, B and C), the 
difference between G* and G, becomes appar- 
ent, resulting in B ~ 0.14 in both cases. 

We define the spin-ratchet efficiency nspr 
as equal to the spin-filtering capability nspr ~ 
(1 — a)/(1 + a) of our device, where the ratio 
a =T)°/Te’ = R,/R, measures the asymmetry 
of the SET and R,, are the associated normal 
tunnel resistance of junctions | and r (Fig. 1B). 
For o ~ 0, nearly perfect filtering, that is, nser ~ 1, 
is achieved. In such a scenario, B directly measures 
the effective polarization of the leads; that is, B = 
Pry = 0.28. For a > 0, a decrease in filtering ef- 
ficiency is expected, and therefore B should de- 
crease accordingly as B ~ ngerPp. For our device, 
R, ¥ 350 kQ and R, = 70 kQ and a ~ 0.2. We thus 
estimate YISET ~ 0.67 and 6 od NserPr ~ 0.19, a 
value that is somewhat larger than that obtained 
with our measurements (B ~ 0.14), which results 
in Nser * 0.5. This discrepancy could be related 
to the uncertainty in the estimation of Rj, or to 
Andreev reflections in one of the junctions, which 
could contribute an unpolarized component to the 
total current. 

At magnetic fields B > Bsr, where the spin-up 
and spin-down quasi-particle thresholds are 
resolved, the SET behaves as a diode that filters 
spin-up or spin-down quasi-particles (Figs. 2D and 
3D). Namely, the current should be polarized 
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fully spin-down for V, about the degeneracy 
point (A) and fully spin-up for V, about the 
degeneracy point (B) in Fig. 1E. Accordingly, we 
calculate B from the conductance peaks along the 
two dotted lines in Fig. 2D, obtaining B ~ 0.26, 
which is close to Pp ~ 0.28 and indicates a 
filtering efficiency larger than 0.9. 

Lastly, we stress that the spin-ratchet effect is 
related to quasi-particle tunneling through the high- 
transparency junction (22). To further show this, 
we fabricated normal super conductor ferromag- 
net (NSF) devices with the normal metal lead made 
of Cu connected to the low-transparency junction. 
Here, R, ~ 650 kQ and R, = 70 kQ. Because the 
high-transparency tunnel barrier connected to the 
ferromagnetic lead controls the transport, B should 
remain close to Pg, when calculated as in Fig. 3D. 
Moreover, because R, in this device is estimated to 
be of the same order of magnitude as that of the 
FSF device, the conductance peaks should not be 
substantially affected. Both these observations 
agree with the experimental di/dV results shown 
in Fig. 4. At B = 0 (Fig. 4A), B is again zero within 
the sensitivity of our measurements and, at B > Bsr 
(Fig. 4B), B ~ 0.25 ~ Ps, whereas the magnitudes 
of the conductance peaks compare well with those 
shown in Fig. 3. 

Spin ratchets represent a fundamentally new 
approach for spin current generation and detec- 
tion; thus, our research paves the way for a new 
means to study spin-related phenomena. Because 
the spin ratchets presented here work at the single- 
electron level, they can, for example, be used to 
initialize and read out the state of spin-based quan- 


tum bits (8) or to identify the spin orientation of 
single electrons in a test of the Einstein-Podolsky- 
Rosen paradox (24) with spin-entangled elec- 
trons (25-29). 
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Spin manipulation using electric currents is one of the most promising directions in the field of 
spintronics. We used neutron scattering to observe the influence of an electric current on the 
magnetic structure in a bulk material. In the skyrmion lattice of manganese silicon, where the spins 
form a lattice of magnetic vortices similar to the vortex lattice in type II superconductors, we 
observe the rotation of the diffraction pattern in response to currents that are over five orders of 
magnitude smaller than those typically applied in experimental studies on current-driven 
magnetization dynamics in nanostructures. We attribute our observations to an extremely efficient 
coupling of inhomogeneous spin currents to topologically stable knots in spin structures. 


he discovery of the effect of giant mag- 

netoresistance, now used commercially 

in the hard disk drive industry, is widely 
recognized as the starting point of the field of 
spintronics. It represents the first example of 
electric currents controlled efficiently by spin 
structures. The complementary process of so- 
called spin transfer torques, where magnetic struc- 
tures and textures are manipulated by electric 
currents (/, 2), appears to be even more promis- 
ing. For instance, strong current pulses allow the 


movement of ferromagnetic domain walls (3, 4), 
the switching of magnetic domains in multilayer 
devices (5, 6), the induction of microwave oscil- 
lations in nanomagnets (7), and the switching 
of ferromagnetic semiconductor structures (8). 
However, the typical current densities required 
to create observable spin transfer torques in 
present-day studies exceed 10''A m 7. Because 
this implies extreme ohmic heating, it was gen- 
erally believed that spin torque effects can be 
studied exclusively in nanostructures. We report 


the observation of spin transfer torques in a bulk 
material, the skyrmion lattice phase of MnSi. 
The spin transfer torques appear when the cur- 
rent density exceeds an ultralow threshold of 
~10° A m*, five orders of magnitude smaller 
than those used typically in experimental studies 
on current-driven magnetization dynamics in fer- 
romagnetic metals and semiconductors. 

The skyrmion lattice in chiral magnets, like 
MnSi and related B20 compounds, was only 
recently discovered in neutron-scattering studies 
(9-12) and confirmed to exist in Lorentz force 
microscopy for Fe,.Co,Si (x = 0.5) (/3). It 
represents a new form of magnetic order that 
may be viewed as a crystallization of topolog- 
ically stable knots of the spin structure that 
shares remarkable similarities with the mixed 
state in type II superconductors. For zero mag- 
netic field (Fig. 1A), helimagnetic order appears in 
MnSi below the critical temperature J, = 29.5 K. 
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fully spin-down for V, about the degeneracy 
point (A) and fully spin-up for V, about the 
degeneracy point (B) in Fig. 1E. Accordingly, we 
calculate B from the conductance peaks along the 
two dotted lines in Fig. 2D, obtaining B ~ 0.26, 
which is close to Pp ~ 0.28 and indicates a 
filtering efficiency larger than 0.9. 

Lastly, we stress that the spin-ratchet effect is 
related to quasi-particle tunneling through the high- 
transparency junction (22). To further show this, 
we fabricated normal super conductor ferromag- 
net (NSF) devices with the normal metal lead made 
of Cu connected to the low-transparency junction. 
Here, R, ~ 650 kQ and R, = 70 kQ. Because the 
high-transparency tunnel barrier connected to the 
ferromagnetic lead controls the transport, B should 
remain close to Pg, when calculated as in Fig. 3D. 
Moreover, because R, in this device is estimated to 
be of the same order of magnitude as that of the 
FSF device, the conductance peaks should not be 
substantially affected. Both these observations 
agree with the experimental di/dV results shown 
in Fig. 4. At B = 0 (Fig. 4A), B is again zero within 
the sensitivity of our measurements and, at B > Bsr 
(Fig. 4B), B ~ 0.25 ~ Ps, whereas the magnitudes 
of the conductance peaks compare well with those 
shown in Fig. 3. 

Spin ratchets represent a fundamentally new 
approach for spin current generation and detec- 
tion; thus, our research paves the way for a new 
means to study spin-related phenomena. Because 
the spin ratchets presented here work at the single- 
electron level, they can, for example, be used to 
initialize and read out the state of spin-based quan- 


tum bits (8) or to identify the spin orientation of 
single electrons in a test of the Einstein-Podolsky- 
Rosen paradox (24) with spin-entangled elec- 
trons (25-29). 
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Spin manipulation using electric currents is one of the most promising directions in the field of 
spintronics. We used neutron scattering to observe the influence of an electric current on the 
magnetic structure in a bulk material. In the skyrmion lattice of manganese silicon, where the spins 
form a lattice of magnetic vortices similar to the vortex lattice in type II superconductors, we 
observe the rotation of the diffraction pattern in response to currents that are over five orders of 
magnitude smaller than those typically applied in experimental studies on current-driven 
magnetization dynamics in nanostructures. We attribute our observations to an extremely efficient 
coupling of inhomogeneous spin currents to topologically stable knots in spin structures. 


he discovery of the effect of giant mag- 

netoresistance, now used commercially 

in the hard disk drive industry, is widely 
recognized as the starting point of the field of 
spintronics. It represents the first example of 
electric currents controlled efficiently by spin 
structures. The complementary process of so- 
called spin transfer torques, where magnetic struc- 
tures and textures are manipulated by electric 
currents (/, 2), appears to be even more promis- 
ing. For instance, strong current pulses allow the 


movement of ferromagnetic domain walls (3, 4), 
the switching of magnetic domains in multilayer 
devices (5, 6), the induction of microwave oscil- 
lations in nanomagnets (7), and the switching 
of ferromagnetic semiconductor structures (8). 
However, the typical current densities required 
to create observable spin transfer torques in 
present-day studies exceed 10''A m 7. Because 
this implies extreme ohmic heating, it was gen- 
erally believed that spin torque effects can be 
studied exclusively in nanostructures. We report 


the observation of spin transfer torques in a bulk 
material, the skyrmion lattice phase of MnSi. 
The spin transfer torques appear when the cur- 
rent density exceeds an ultralow threshold of 
~10° A m*, five orders of magnitude smaller 
than those used typically in experimental studies 
on current-driven magnetization dynamics in fer- 
romagnetic metals and semiconductors. 

The skyrmion lattice in chiral magnets, like 
MnSi and related B20 compounds, was only 
recently discovered in neutron-scattering studies 
(9-12) and confirmed to exist in Lorentz force 
microscopy for Fe,.Co,Si (x = 0.5) (/3). It 
represents a new form of magnetic order that 
may be viewed as a crystallization of topolog- 
ically stable knots of the spin structure that 
shares remarkable similarities with the mixed 
state in type II superconductors. For zero mag- 
netic field (Fig. 1A), helimagnetic order appears in 
MnSi below the critical temperature J, = 29.5 K. 
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In a small magnetic field, the skyrmion lattice 
stabilizes in a pocket below T., also known as 
the A phase. The spin structure of the skyrmion 
lattice in MnSi consists of a hexagonal lattice of 
magnetic vortex lines oriented parallel to the 
magnetic field B (Fig. 1A, inset). 

Skyrmion lattices in chiral magnets are at- 
tractive for studies of spin torque effects, because 
they are coupled very weakly to the atomic crys- 
tal structure (9) and may be expected to pin very 
weakly to disorder. In addition, electric currents 
couple very efficiently to skyrmions as follows. 
When the conduction electrons in a metal move 
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across a magnetic texture, their spin follows the 
local magnetization adiabatically. Spins that 
change their orientation pick up a quantum me- 
chanical phase, the Berry phase, that may be 
viewed as an Aharonov-Bohm phase arising 
from a fictitious effective field (14-16) Buy = 
$2 Dijk (0;M x OM), where M = M/|M| is 
the direction of the local magnetization and 
®y = h/e is the flux quantum for a single elec- 
tron (f is Planck’s constant). In the skyrmion 
lattice, Beg has a topologically quantized aver- 
age strength of —®p per area of the magnetic 
unit cell [for MnSi Beg ~ 2.5 T (//)]. B 


eff IN- 


REPORTS 


duces an effective Lorentz force, which gives 
rise to an additional “topological” contribution to 
the Hall effect proportional to the product of Beg 
and the local polarization of the conduction elec- 
trons as observed experimentally (//, 77). Corre- 
spondingly, because the electrons are deflected, 
a force is exerted on the magnetic structure so 
that there is an efficient ““gyromagnetic coupling” 
(/8) of the current to the skyrmion lattice (19). 
From an alternative point of view, the skyrmion 
lattice may be viewed as an array of circulating 
dissipationless spin currents, because the skyrmions 
are characterized by gradients in the spin orienta- 


electric current 


‘ 


35 


cold 
te 
= 
a 
ae) 
£ 
fo.) 
= | B® 
E 
o 
s ferag 
———— 
Magnus 


electric current 


Fig. 1. (A) Magnetic phase diagram of MnSi. (Inset) Schematic spin structure of the skyrmion lattice in a plane perpendicular to the applied field. (B) 
Schematic depiction of the spin transfer torque effects on the skyrmion lattice. A temperature gradient induces inhomogeneous Magnus and drag forces and 


therefore a rotational torque. 
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Fig. 2. Typical scattering intensity patterns observed in our neutron-scattering 
measurements for a neutron beam parallel to the applied magnetic field (27). 
The red lines serve as a guide to the eye. (A) Skyrmion lattice at zero current. 
q, wave vector; std. mon., standard monitor. (B) Pattern of (A) under current in 
the vertical direction (arrow). (C) When both the current and a small antipar- 
allel temperature gradient are present, the scattering pattern rotates counter- 
clockwise. (D) Pattern when reversing the current direction in (C). (E) Difference 
between (C) and (D). (F) Difference of intensities when reversing both current 
and field. (G to J) Same as (C) through (F) for reversed direction of the tem- 
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tion related to their quantized winding number. 
This is analogous to superconductors, where dis- 
sipationless charge currents flow around quan- 
tized vortices because of gradients of the phase. 
When an extra spin current is induced by driving an 
electric current through the magnetic metal, the spin 
currents on one side of the skyrmion are enhanced, 
while they are reduced on the other side. As for a 
spinning tennis ball, this velocity difference gives rise 
to a Magnus force acting on the skyrmions. Note, 
however, that spin (because of spin-orbit coupling) 
is in contrast to charge not conserved, and there- 
fore this intuitive picture is incomplete. Most im- 
portantly, further dissipative forces also arise (20), 
which drag the skyrmions parallel to the current. 

In Fig. 1B, this magnetic Magnus force, which 
is perpendicular to current and field direction, is 
sketched together with the additional drag forces. 
The Magnus and drag forces may lead to a trans- 
lational motion of the skyrmion lattice. However, 
for the current densities used in our experiment 
the drift velocity of the electrons and therefore 
also the drift velocity of the skyrmions is not 
very large and thus very difficult to detect in a 
neutron scattering experiment. 

In contrast to a translational motion, a rota- 
tion is much easier to measure in neutron scatter- 
ing. Thus, we performed our experiment in the 
presence of a small temperature gradient parallel 
to the current, causing the magnetization and 
therefore the spin currents to vary in magnitude 
across the domains of the skyrmion lattice. In 
turn, the strength of the Magnus force varies 
across the skyrmion lattice (Fig. 1B), inducing 
a net torque. As estimated below, the torques 
are sufficiently strong to induce rotations that 
can be measured directly by neutron scattering. 

For our measurements, an electric current 
was applied along bar-shaped single crystals, 
where the direction of the current was always 
perpendicular to the magnetic field and therefore 
to the skyrmion lines. In Fig. 2, the neutron beam 
was always collinear to the magnetic field (2/). 
The sixfold diffraction pattern of the skyrmion 


Fig. 3. (A) Change of the azimuthal angle of 
rotation of the scattering pattern as a func- 
tion of current density for three different tem- 
peratures. Data were recorded in a magnetic 
field of 0.175 T. Above a threshold of 10° A 
m”%, an increasingly strong rotation is observed, 
where the sign of the rotation depends on the 
direction of the current. (B) Temperature differ- 
ence between the surface of the sample and 
the sample holder as a function of current 
density, where the temperature at the surface 
of the sample was kept constant for each of 
the three values given in (A). 
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lattice at zero current, 7 = 0 (Fig. 2A), can be 
compared to the same scattering pattern at a cur- 
rent density, j = 2.22 x 10° A m ~, first in a setup 
minimizing any thermal gradients along the cur- 
rent direction (Fig. 2B). The current was applied 
along the vertical [1 10] direction, whereas the field 
and the neutron beam were collinear to the line 
of sight and along [110] (the horizontal direction 
is along [001]). Under a current, the peaks of the 
diffraction spots remain in the same location and 
broaden azimuthally. 

We next generated a small temperature gra- 
dient along the direction of the current as ex- 
plained in (2/). Figure 2C shows the diffraction 
pattern of the skyrmion lattice for this setup 
under an electrical current density, 7 = 2.22 x 
10° A m ”, which shows a pronounced counter- 
clockwise rotation as compared with Fig. 2, A 
and B (note that arrows show the technical 
current direction and the line of sight is opposite 
to the direction of the neutron beam, consistent 
with convention). When the current direction is 
reversed, the rotation changes sign, and the dif- 
fraction pattern turns clockwise (Fig. 2D). 

There are several unusual aspects of this ro- 
tation. First, the entire scattering pattern rotates 
with respect to its center; that is, all spots move 
by the same angle even though the electric current 
has a distinct direction. Second, when reversing 
either the direction of the current or the direction 
of the applied field, the sense of the rotation 
changes sign. This is illustrated in Fig. 2, E and 
F, which shows the difference of intensity under 
current reversal and simultaneous reversal of cur- 
rent and field, respectively. For the latter case, the 
difference of intensities vanishes. 

To confirm that the small temperature gra- 
dient along the current direction causes the rota- 
tion of the scattering pattern, we reversed the 
direction of the thermal gradient. As illustrated 
in Fig. 2, G and H, this reverses the sense of 
rotation with respect to the current and field di- 
rection applied in Fig. 2, C and D. Thus the dif- 
ferences of intensity under field reversal, shown 


=. ee 0 1 2 3 
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in Fig. 21, are reversed as compared with Fig. 2E 
(red and blue spots have changed location). 
When reversing both current and field direction, 
the difference of the patterns, Fig. 2J, vanishes 
as before. Lastly, when applying the current along 
a different crystallographic direction (we tested 
(111) and an arbitrarily cut sample), the same 
antisymmetric rotations of the diffraction pattern 
as a function of magnetic field, electric current, 
and temperature gradient are observed (2/). 

The detailed rotation as a function of the ap- 
plied current was determined in systematic mea- 
surements for various temperatures and samples. 
Here, the temperature measured at a specific spot 
at the surface of the sample (2/7) was kept con- 
stant, and temperature gradients had always the 
same direction. The resulting current dependence 
of the azimuthal rotation angle A®, shown for 
three temperatures as a function of the applied 
current density in Fig. 3, exhibits a well-defined 
threshold of order j, ~ 10° A m~ above which 
the rotation begins. For |/| > j., the entire scat- 
tering pattern rotates, and A® increases steeply 
with increasing |/| — jc. 

Potential parasitic effects cannot explain the 
observed rotations. First, detailed studies show 
that there are no changes of orientation of the 
skyrmion lattice as a function of temperature 
at 7 = 0 (10, 12, 13). Second, the temperature 
difference AT between the sample surface and 
the sample support shows a smooth quadratic 
increase with current density independent of the 
direction of the current (Fig. 3B) in contrast to 
Fig. 3A. Third, for the current densities applied 
in our study, the Oersted field increases from zero 
(at the center of the sample) to a value of roughly 
1 mT at the surface of the sample, much smaller 
than the applied magnetic field of 175 mT and 
therefore negligible. Lastly, for a current parallel 
to the skyrmion lines or the pristine helimagnetic 
state, neither a rotation nor a broadening was ob- 
served. Interestingly, recent numerical simulations 
(22, 23) suggest that much larger current den- 
sities of the order 10'? A m7 may change the 
orientation of helical magnetic structures. 

To explain our experiments, the interplay of 
three tiny forces has to be considered: (i) spin 
transfer torques, that is, current induced forces; 
(ii) pinning forces; and (ili) anisotropy terms. 
These determine the origin of the rotation, the 
presence of a threshold, and the angle A® of the 
rotated diffraction pattern, respectively. The spin 
transfer torques can, for example, be described 
by a Landau-Lifshitz-Gilbert (LLG) equation or 
variants of Landau-Lifshitz Bloch equations (24), 
which include both reactive and dissipative com- 
ponents representing the Magnus and drag forces 
mentioned above, respectively. Both are expected 
to be of the same order of magnitude (25). Al- 
though the strength of the dissipative forces (re- 
lated to the parameter B in the LLG equations) is 
not known, it is possible to estimate the strength of 
the reactive forces quantitatively. 

The size of the Magnus force is given by the 
product of spin current and the fictitious effec- 
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tive magnetic field, fy ~ ej;Bep, and may be es- 
timated as 


j 2.5 x 10°N 


= p(T 
fu ® PUT) Ta 
_ y 27x10 eat, 
* PT) 05 at my) 


where a ~ 4.58 A is the lattice constant of 
MnSi, kg is the Boltzmann constant, T. ~ 
29.5 K is the ordering temperature, and the local 
temperature-dependent polarization is defined as 
the ratio of the spin and charge current densities 
times the elementary charge, p(T) = ej,/j. For the 
skyrmion phase, we estimate p(T) ~ 0.1 (//). The 
resulting forces at the current densities of 10° A m 7 
studied are much larger than, for example, gravi- 
tational forces on the sample, but small when ex- 
pressed in terms of the microscopic units, kp7./a* 
(compare with Eq. 1), raising the question of why 
the critical currents /,, are so small. 

For j < j. the current-induced forces are 
balanced by pinning forces caused by disorder 
and the underlying regular atomic crystal lattice. 
The latter may be neglected because of the small 
spin-orbit interaction (26). The discussion presented 
in (2/) suggests that even a very strong defect, 
which locally destroys the magnetization com- 
pletely, will result in a very small pinning force, 
less than a few 10 ° kpZ,/a per impurity, mainly 
because the magnetization of the skyrmions 
varies very smoothly. Therefore the observed crit- 
ical current density j, together with our estimate, 
Eq. 1, is consistent with strong pinning defects 
with a density below 1 part per million. In fact, 
even though the real density of defects may be 
higher, their influence may be strongly reduced 
as the system is in the “collective pinning” re- 
gime known, for example, from vortices in super- 
conductors (27). Here, pinning forces of random 
orientation average out to a large extent because 
of the rigidity of the skyrmion lattice. 

The size of the rotation of the skyrmion lat- 
tice for j > j, reflects the balance of the torques 
ty and t, due to inhomogeneous Magnus forces 
and the atomic lattice, respectively. We start by 
noting, that by symmetry the orientation of a 
perfect skyrmion lattice (described by a third 
rank tensor) cannot couple linearly to the current 
J because of the sixfold rotational symmetry of 
the lattice. However, a small temperature gra- 
dient breaks this symmetry and generates sizable 
variations of the amplitude of the magnetization 
and associated polarization p(T) of the electric 
currents, because the skyrmion phase is only 
stable close to 7. (compare with Fig. 1). As a 
result, the Magnus force, Eq. 1, which is pro- 
portional to the spin currents and therefore to 
p(T), will be considerably larger at the “cold” 
side of the skyrmion lattice than at its “hot” 
side. This gives rise to a net torque per volume 


™ ~ fr x fu(r)d37/V. By using Eq. | with a 
spatially varying p(7) and ignoring again dis- 


www.sciencemag.org SCIENCE VOL 330 


sipative forces for an order of magnitude estimate, 
we find that the rotational torque per volume, tj, 
in the direction of the fictitious field Beg for a 
skyrmion lattice domain of size R is given by 


j- Vp R kee 
10° Am2a a 


nif RO 
a \1lmm 


where we assume j ~ 7, and Vp = 0.1/10 mm. 

Note that the effect is proportional to the gra- 
dient of the temperature parallel to the current 
as Vp = 2YT (Fig. 1B). Thus 1), changes sign 
when either current, magnetic field, or temper- 
ature gradient is reversed. The sign of ty and 
all other forces obtained from this analysis (Fig. 
1B) is consistent with all our experiments taking 
into account that charge carriers are holelike as 
measured experimentally (//, 17). This explains our 
main experimental results. According to this analysis, 
the rotational torques arise from temperature- 
gradient-induced gradients in the spin current. 
Interestingly, it is more difficult to generate an 
analogous effect for vortices in superconductors, 
because charge, as opposed to the spin in skyrmion 
lattices, is exactly conserved [in (28), a rotation of 
a superconducting vortex lattice has been induced 
with a bespoke current distribution]. 

For an estimate of the factor (R/1 mm) in 
Eq. 2, a lower limit R > 1 um may be inferred 
from the resolution-limited rocking width of the 
magnetic Bragg peaks in the skyrmion phase 
when avoiding demagnetization fields (2/). Yet, 
even a small torque ty may lead to large rota- 
tion angles, because the balancing torque, t,, 
which orients the skyrmion lattice relative to the 
atomic lattice, is tiny. Only anisotropy terms aris- 
ing in high power of the spin orbit coupling Ago 
contribute to the torque per volume t,, which we 
estimate as (2/) 


™ ~ 10°!° 


~ 10° (2) 
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3 
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For small rotation angles, the torque t, grows 
linearly in the rotation angle ®. However, in con- 
trast to the torques arising from the inhomoge- 
neous Magnus force, t, is independent of the 
size R of the domains. The rotation angle ® is 
finally determined by the balance of ty and 1. 
Because of the small prefactor in Eq. 3, 10° * Neo; 
the large rotation angles observed in our experi- 
ments can be explained even for moderately large 
domains. 

It is likely that for j > 7, not only a rotation by 
an angle sets in but also a linear motion of the 
magnetic structure, because any rotation of a siz- 
able magnetic domain requires a depinning from 
defects. For moving domains, spin currents in a 
frame of reference that is comoving with the do- 
main enter in all formulas given above. Therefore 
the size of the rotation in the end also depends 
sensitively on the frictional forces that break 
Galilean invariance (25). 


REPORTS 


Our observations identify chiral magnets and 
systems with nontrivial topological properties 
as ideal systems to advance the general under- 
standing of the effects of spin transfer torques. 
For instance, spin transfer torques may even be 
used to manipulate individual skyrmions, recently 
observed directly in thin samples (/3). In fact, 
even complex magnetic structures at surfaces and 
interfaces may be expected to exhibit the spin 
torque effects we report here (29). 
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Electronic Spin Storage in an Electrically 
Readable Nuclear Spin Memory with 
a Lifetime >100 Seconds 


D. R. McCamey,?*t J. Van Tol,” G. W. Morley,? C. Boehme? 


Electron spins are strong candidates with which to implement spintronics because they are both 
mobile and able to be manipulated. The relatively short lifetimes of electron spins, however, present 
a problem for the long-term storage of spin information. We demonstrated an ensemble nuclear spin 
memory in phosphorous-doped silicon, which can be read out electrically and has a lifetime 
exceeding 100 seconds. The electronic spin information can be mapped onto and stored in the nuclear 
spin of the phosphorus donors, and the nuclear spins can then be repetitively read out electrically for 


time periods that exceed the electron spin lifetime. We discuss how this memory can be used in 


conjunction with other silicon spintronic devices. 


he ability to store and retrieve spin in- 
| formation in solid-state systems is im- 
portant for the development of spin-based 
electronic devices for classical and quantum in- 
formation processing. The ability to store spin 
information in situ enhances the ability to in- 
tegrate spintronic and classical electronic sys- 
tems, allows the stored spin to be used as an 
initialized classical or quantum register, and may 
provide the ability to perform quantum nondem- 
olition readout on difficult-to-probe spin systems. 
Nuclear spins are an obvious candidate for im- 
plementing such a memory, because they tend to 
have extremely long spin lifetimes (/—3). 

To date, implementations of quantum logic or 
memory devices directly involving nuclear spins 
have used optical or microwave detection in 
systems such as the nitrogen vacancy center of 
diamond (4-6). However, coupling these systems 
to classical electronic devices requires transduc- 
tion between optical and electrical signals. We 
demonstrated electrical readout of a nuclear spin 
memory consisting of phosphorus donors in sil- 
icon. Previous work to electrically detect nuclear 
spin states has focused on continuous-wave spin 
resonance techniques, which are unsuitable for 
the manipulation required for nuclear spin stor- 
age (7), and on electrically detected nuclear mag- 
netic resonance approaches using quantum Hall 
edge states in gallium arsenide heterostructures (8). 

Phosphorus donors in silicon (Si:P) provide a 
number of advantages for the implementation of 
such a device. Si:P is widely used in the modern 
semiconductor industry, providing the ability to 
fabricate devices on the scale of a few nanometers 
(9). Recent work has demonstrated that 7!P-doped 
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silicon can be used for spintronic applications (/0), 
allowing long-distance spin transport with conduc- 
tion electrons (//). Additionally, the phosphorus 
donor has long electron (/2) and extremely long 
nuclear spin (3) coherence times, making it an 
ideal system for implementing such a device. 
As a result of these properties, Si:P has been 
widely investigated for use in applications ranging 
from quantum information processing (2, /3, 14) 
to more “classical” spintronics (10, 1/), where 
the phase of the spin is less important. However, 


few advances related to the nuclear spin of do- 
nors have been reported (2, /5—17). It has been 
demonstrated that an ensemble of coherent donor 
electron spin states could be stored in the nuclear 
spin for over a second, before being returned to 
the electrons and read out with conventional spin 
resonance techniques (2). Recently, it was also 
shown that the spin state of a single electron in 
silicon could be detected electrically with a single 
shot, although simultaneous control of the spin 
has yet to be demonstrated (/4). 

Previous attempts to use electrical spin read- 
out of donors with the pulsed manipulation of 
their nuclear spins required for storage have 
proven challenging because of the small char- 
acteristic change in current seen at low magnetic 
fields. By using high magnetic fields (~8.59 T), 
we are able to obtain large electron spin polar- 
ization and a correspondingly large change in 
current (/8). The difficulty with these large fields 
is that the frequencies required for electron spin 
manipulation are ~240 GHz. The recent develop- 
ment of pulsed spin resonance at these frequen- 
cies allows these measurements to be performed. 

In high magnetic fields, the product states 
of the *'P donor electron and nuclear spin sys- 
tem, Ite Tn)s le Tn)s Ite Ln)s and le Ln) are very 
close to the eigenstates (t and | represent the 
individual spin-up and spin-down eigenstates, 
respectively). Allowed transitions between these 
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Fig. 1. The Si:P system used for implementing spin storage. (A) The singly occupied (D°) state of the 
phosphorus donor in silicon may capture a conduction electron and form a doubly occupied (D ) state 
only if they have opposite spin. Modifying the capture rate by manipulating the donor electron spin leads 
to a change in current through the silicon crystal. (B) Electron spin resonance reveals two resonances in 
the device current, due to the different donor nuclear-spin orientations, which couple to the electron spins 
through a contact hyperfine interaction. 
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states can be driven by spin resonance (Fig. 1A). 
The presence of a contact hyperfine interaction 
of 117.5 MHz between the electron and nucleus, 
along with the nonnegligible nuclear Zeeman 
energy (148.2 MHz at 8.59 T), lifts the degen- 
eracy of the spin resonance conditions, allowing 
the four transitions to be independently ad- 
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dressed. We use a custom built 240 GHz pulsed 
spectrometer (/9—2/) to drive these transitions, 
at a temperature (7) = 3.5 + 0.2 K. To read out 
the nuclear spin state, we use a spin trap method 
(78): If the conduction electrons are polarized in 
the spin-down state, the doubly occupied D state 
of the donor cannot be occupied if the donor 
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electron also has spin down. However, if the 
donor electron is resonantly excited to the spin- 
up state, then the D_ state is able to trap an elec- 
tron from the conduction band, thus reducing 
the conductivity of the silicon. This can be de- 
tected by measuring the change in the conduc- 
tivity after resonant excitation, using the circuit 
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Fig. 2. Schematic of different storage pulse sequences. (A) The electron is 
prepared into a 1 state by applying a x(f§) pulse. If no nuclear spin storage 
is undertaken, the initial spin state has no impact on the final spin state 
obtained. (B) Transient current during the pulse sequence in (A). (C) How- 
ever, if the electron is prepared into a 1 state then stored in the nuclear spin, 
the magnitude of the current change after the readout pulse is reduced. 
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(D) The change in the current through the silicon sample during the 
application of a STORE-1 sequence. The large nonresonant current changes 
at O and 15 ms are due to nonresonant coupling of the radio frequency (rf) 
to the electrical contacts. (E) Difference between NO STORE and STORE 
transient current for the initial state 1. The solid orange line is a fit to the 
data for time (t) > 10 ms. 
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shown in Fig. 1A. Figure 1B shows the change 
in current after a 240-GHz 1 pulse was applied 
to the device as the external magnetic field By was 
varied, bringing the ff and /¥ transitions on res- 
onance at 8.5885 and 8.5927 T, respectively. The 
difference in amplitude is due to an Overhauser- 
mediated nuclear polarization effect (/5) and is 
not important to the nuclear storage. 

A nuclear storage and electrical readout ex- 
periment was performed using a modified Davies 
electron-nuclear double resonance (ENDOR) scheme 
(22-24), previously only demonstrated on a sam- 
ple containing a large number of donors (>4 x 
10) in a conventional ENDOR approach. Be- 
cause of the large electron spin polarization, the 
initial state of the phosphorus donors is ||. f;,) or 
lle Jn). In the experiments, P atoms in the ||. 7, 
state remain unchanged while those in the ||. | ,) 
state are used for storage. If a pure initial state is 
required, the pulse sequence [n( f°) — m(f3') — 
wait >7f] maps ||. T,,) onto ||. |,,.) while leaving 
those donors initially in ||. |,,) in that state. We 
prepared some arbitrary electronic spin state 
[eln) = ail Jeln) + Bl teLn) by applying 
a te( fs) pulse of varying length (Fig. 2, A and 
C). Logical information can thus be encoded in 
the electron spins: Ensembles comprising spins 
in the spin-up eigenstates are assigned as “1” and 
in the spin-down eigenstate as “0”. 

The ensemble electron spin state can now be 
stored in a nuclear spin state by applying a con- 
trolled NOT (CNOT) gate [a n(f/’) pulse] be- 
tween the electronic and nuclear spin (Fig. 2C): 
Ol Len) + Blteln) HH al Len) + Bltetn) 

The nuclear spin state can then be read at later 
times by measuring the change in current after a 
n( 5) pulse (Fig. 2C). In an idealized single-spin 
system, this would result in a current change on 
resonance if the nuclear spin was in the ||,,) (or 0) 
configuration, and no change in the |f,,) (1) con- 
figuration (25). For the ensemble we investigated, 
we expect a current change after nuclear storage 
AI® cc 9? Al determined by the rotation angle, 
where A/ is the transient if there is no storage 
(Fig. 2B) or if the logical value 0 is stored (no 
preparation pulse). If the pulses applied to the 
system resulted in perfect x rotations of the elec- 
tron and nuclear spins, we would expect AJ* = 0; 
however, imperfections in the pulse duration and 
homogeneity, the incomplete electron spin polar- 
ization, and the inhomogeneous linewidth of the 
nuclear resonance all reduce the fidelity of our 
CNOT implementation, and thus some of the 
spins are not ideally stored. The transient current 
is therefore not completely eliminated (Fig. 2D) 
but is reduced as compared to the no-storage case 
(Fig. 2E). The system can be reset by applying a 
long pulse at /;’. 

To confirm that the signal in Fig. 2E is due to 
storage in the phosphorus nuclear spin, we re- 
peated the STORE-1 sequence while varying the 
frequency of the storage pulse. Figure 3A shows 
the boxcar-averaged change in A/ after the read- 
out pulse after storage for 10 ms. A resonance is 
clearly seen at 89.1 MHz, corresponding to the //’ 


w 
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transition. The resonance is a positive change in 
the current transient, corresponding to fewer elec- 
tronic spins being excited during the readout 
pulse. 

Figure 3B shows an electron spin Rabi os- 
cillation (black line), electrically detected imme- 
diately after a preparation pulse, t.(/). The 
oscillations, while visible, are damped with a 
Gaussian envelope of width 1.7 us, due to spatial 
inhomogeneities in the oscillating magnetic field 
of the microwaves used to drive the electron spin 
resonance. By using a STORE-t sequence, we 
are able to write an arbitrary electron state to 
the nuclear memory, store it there, and then use 
a read pulse to obtain the state from memory 
Tstore = 10 ms later (solid red squares, Fig. 3B). 
To confirm that the information is indeed stored 
in the nuclear spins, the experiment was repeated 
with no storage pulse (open red circles) and with 
a nonresonant storage pulse (not shown in Fig. 
3B); in neither case is the initial electron state 
recovered. It is important to note that it is not 
the coherent electron state prepared by the ini- 
tial pulse but the projection of this state onto 
the spin eigenstates (the coefficients « and B) 
that we are storing in the nuclear spin polar- 
ization. Including a n(f;’) pulse after the store 
pulse would allow a coherent state to be stored 
and subsequently read out electrically. We ex- 
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Fig. 3. (A) Applying the STORE- 
1 sequence, nuclear storage occurs 
only when the applied rf radiation is 
resonant with the f? transition 
(Lorentzian fit). f, frequency. (B) By 
varying the length of the electron 
preparation pulse, an arbitrary elec- 
tron spin state can be stored in the 
nuclear spin ensemble. The black line 
shows the prepared electronic spin 
state readout immediately after prep- 
aration (a single-pulse Rabi experi- 
ment, right axis), and the square red 
data points show the read from the 
nuclear spins after 10 ms of storage 
(the STORE-t sequence for varying 
te) (left axis). With no storage, the 
initial spin information is lost (open 
red circles). 
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pect, however, that such a stored state would 
decohere within 77 < 277 = 576 us (2). 

To determine the time scale on which the 
electron spin state can be stored in the nuclear 
spin, we stored a spin state, in this case 1, and 
watched its relaxation back to the steady state. 
Figure 4A shows the result of repeated storage 
and readout of the electron spin state 1. In Fig. 
4B, the storage pulse is moved off resonance, and 
the nuclear spin memory slowly relaxes back to 
the initial 0 state with a time constant Tstore = 112 + 
2 s. This is close to the 150 + 20 s Overhauser 
relaxation rate (electron-nuclear spin flip-flops) 
previously seen in Si:P under illumination in sim- 
ilar high magnetic field conditions (75). We have 
thus been able to increase the spin storage time by 
a factor >3 x 10° as compared to 7’ {. By varying 
the experimental conditions, even longer storage 
times may be accessible: Nuclear spin lifetimes 
exceeding 10 hours at magnetic fields of around 
0.3 T have been observed with conventional 
ENDOR experiments (3). 

After relaxation, the store pulse frequency is 
moved back into resonance (Fig. 4C), and the 
signal returns to the value associated with storing 
a 1. A small number of repetitions are required to 
return to the 1 state because of the imperfect 2 
rotations used in this experiment, and are not an 
intrinsic feature of this scheme. Figure 4, D and 
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Fig. 4. (A) Repetitive application of STORE-1 (without a reset pulse) dem- 
onstrates the stability of the stored nuclear information (Tstore = 10 ms). (B) 
Att =0, the frequency of the store pulse is detuned from the resonance by 300 
kHz (from 89.1 to 88.8 MHz), and the stored information is repetitively read 
out. The stored spin state is lost from memory with an exponential time 
constant of 112 + 2 s. (C) At t = 9.5 min, the store pulse is returned to the 


resonant frequency, and the 1 state is seen again. The nonzero recovery time 
of the stored state is due to the imperfection of the applied storage pulses. 
(D) To demonstrate the effectiveness of resetting the memory, a STORE-1 pulse 
without reset was applied. (E) At t = 0, the store pulse frequency was again 
moved off resonance and the reset pulse turned on. The read state quickly 
returned to the 0 state. 


E, show a similar experiment: In Fig. 4D, a 1 is 
repetitively prepared, stored, and read out. The 
store pulse is again moved off resonance, but 
now a reset pulse is introduced (Fig. 4E); as can 
be seen, the stored signal is immediately de- 
stroyed, and the initial 0 state is recovered. 

As well as allowing a measure of the storage 
lifetime, Fig. 4, B and D, reveal another ad- 
vantage of the storage method demonstrated 
here: repetitive readout of the stored spin state 
(6, 25). Most readout techniques for obtaining the 
spin state of a donor electron require that the state 
be destroyed (13, 14, 18, 26). Here, however, we 
have shown that the electron spin state can be 
stored in the nuclear spins and that the state of the 
nuclear spin can then be repetitively read out 
without changing the state. We have measured 
the stored spin over 2000 times without any ob- 
servable impact on its state (27). 

The phosphorus nuclear spin is not the only 
relevant nucleus for the electrical readout ap- 
proach demonstrated here. The storage and read- 
out scheme described above was performed on 
natural silicon containing ~5% spin 4 *°Si (fig. 
S1). As the hyperfine coupling between 7°Si nuclei 
and the *'P donor electron varies depending on 
the relative position, an addressable nuclear spin 
register for the storage of multiple electron spin 
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states in different 7°Si nuclear spins is obtained. 
?°Si nuclear spins have extremely long lifetimes 
(28), making them another promising storage sys- 
tem. Donors such as Bi may also be amenable 
to such a scheme (/6, /7). Indeed, the approach 
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Band Gaps in Fluorescent Single-Walled 
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Controlled chemical modifications of single-walled carbon nanotubes (SWCNTs) that tune their 
useful properties have been sought for multiple applications. We found that beneficial optical 
changes in SWCNTs resulted from introducing low concentrations of oxygen atoms. Stable 
covalently oxygen-doped nanotubes were prepared by exposure to ozone and then light. Treated 
samples showed distinct, structure-specific near-infrared fluorescence at wavelengths 10 to 15% 
longer than displayed by pristine semiconducting SWCNTs. Dopant sites harvest light energy 
absorbed in undoped nanotube regions by trapping mobile excitons. The oxygen-doped SWCNTs 
are much easier to detect and image than pristine SWCNTs because they give stronger near-infrared 
emission and do not absorb at the shifted emission wavelength. 


ne of the most remarkable characteristics 
():: single-walled carbon nanotubes 

(SWCNTs) is their diversity of well- 
defined electronic and optical properties (/, 2). 
Each SWCNT is composed of covalently bonded 
carbon atoms forming an ordered tubular struc- 
ture with a specific diameter and roll-up angle, 
uniquely defined by a pair of integers called the 
(n,m) index. About two-thirds of SWCNT struc- 
tures are semiconducting. Their intrinsic band gaps 
are determined by quantum confinement and linked 
to physical structure, with only slight alterations 
possible through environmental perturbation. 

A variety of optical and electronic applica- 
tions would benefit from the controlled modifi- 
cation of SWCNT band gaps in bulk samples, 
individual nanotubes, and even segments within 
nanotubes. Covalent sidewall reactions have been 
used to bond nanotubes to chemical groups hav- 
ing a range of selected electronic properties (3, 4). 
However, to date such reactions have randomly 
eroded the highly ordered nanotube 1-electron 
structure. The additional covalent bonds remove 
electrons from the m-system, broadening and sup- 
pressing the signature near-infrared (IR) fluores- 
cence peaks of semiconducting SWCNTs (5). 
Here, we describe a different type of chemically 
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modified SWCNT that is more analogous to 
dopant-tuned semiconductor materials. These sta- 
ble and easily prepared oxygen-doped nanotubes 
are near-IR fluorophores that display distinct, 
structure-specific optical properties systematical- 
ly shifted from those of the pristine parent. They 
are more readily detected than pristine nanotubes. 

We produce these modified SWCNTs by ex- 
posing aqueous suspensions of pristine SWCNTs 
to low doses of ozone and then photolyzing the 
resulting product (6). Our studies rely on samples 
highly enriched in individual semiconducting 
(n,m) species through nonlinear density gradient 
ultracentrifugation (7). The simpler optical spec- 
tra of these sorted samples allow monitoring of 
the conversion reaction by fluorescence spectros- 
copy. Immediately after mild ozone exposure, the 
characteristic near-IR E,; fluorescence band shows 
small red shifts (~0.2) and appreciable broadening 
(~5%). Subsequent exposure to light induces a new 
emission feature, termed E,;*, that is red-shifted 
from E,,;. Spectra measured during this transforma- 
tion are shown for a (6,5)-enriched sample in Fig. 
1A. During phototransformation by light from a 
desk lamp, 980-nm E;; emission diminishes as the 
1120-nm E,;* feature increases (Fig. 1, A and B). 
However, except for some broadening, the absorp- 
tion spectrum remains essentially unchanged by 
this conversion (Fig. 1C). The transformed nano- 
tubes show very little absorption at their new emis- 
sion peak, unlike pristine SWCNTs. We estimate 
that the photoconversion efficiency is quite low, 
requiring 10’ to 10° absorbed photons per micro- 
meter of SWCNT length. An excitation-emission 


contour plot demonstrates that near-IR emission 
from both the original and the transformed (6,5) 
sample is induced by absorption at the same E>» 
transition (Fig. 1D). The shifted emission from our 
converted SWCNTs differs in wavelength from 
the weak intrinsic satellite features observed in 
pristine samples ($—/0). In addition to the prom- 
inent shifted emission band, a weak secondary 
shifted feature can also be seen (6). 

Very low ozone doses followed by photo- 
conversion are required to prepare such modified 
SWCNTs. They are qualitatively different from 
those prepared through more extensive nanotube 
ozonation (//—/7), which quenches SWCNT near- 
IR fluorescence (/8). Of several ionic surfactants 
used to suspend samples during ozonation treatment, 
we found that sodium tridecylbenzenesulfonate 
(STBS) gave the most reproducible results, pre- 
sumably because it could be used at lower concen- 
trations that compete less for reaction with ozone. 
Resonance Raman spectra revealed that the ozone- 
and-photolysis transformation was accompanied 
by the appearance of'a sharp D-band near 1310 cm | 
(figs. S10 and S11) signifying covalent function- 
alization of the nanotube sidewall (/9). The trans- 
formation reaction also occurred, although less 
efficiently, when weaker oxidants H.O, or KxCrO,4 
were substituted for ozone (fig. S18) (6). We con- 
clude that the transformed nanotubes incorporate 
covalently bonded oxygen. Similar but unintended 
oxidation may have led to the defect-induced emis- 
sion reported from some individual SWCNTs ex- 
posed to intense pulsed laser light (20). 

Other semiconducting (n,m) species also un- 
derwent oxygen doping. For example, bulk sam- 
ples enriched in (6,4) and (8,3) showed reduced 
E;; emission and the growth of a new red-shifted 
E,,* emission band as they were treated with 
ozone and visible light (fig. S9). Spectral trans- 
formations were less efficient for larger-diameter 
SWCNTs (fig. S15) (6). We measured spectral 
positions and widths of E;,* peaks from 10 dif- 
ferent oxygen-doped (n,m) species in STBS for 
comparison with their pristine forms (Table 1). 
The spectral red shifts between E,,; and E,,* 
ranged from 106 to 214 meV and showed a strong 
positive correlation with E;,; (Fig. 1E) (2/). These 
doping-induced shifts represent optical band gap 
decreases of 10 to 15% from the pristine values. 

Spectroscopic measurements on individual 
nanotubes revealed photophysical heterogeneity 
in the doped samples. The results are illustrated 
with fluorescence spectra acquired from three 
individual nanotubes in a (6,5)-enriched bulk 
sample (Fig. 2A). One nanotube was pristine and 
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Controlled chemical modifications of single-walled carbon nanotubes (SWCNTs) that tune their 
useful properties have been sought for multiple applications. We found that beneficial optical 
changes in SWCNTs resulted from introducing low concentrations of oxygen atoms. Stable 
covalently oxygen-doped nanotubes were prepared by exposure to ozone and then light. Treated 
samples showed distinct, structure-specific near-infrared fluorescence at wavelengths 10 to 15% 
longer than displayed by pristine semiconducting SWCNTs. Dopant sites harvest light energy 
absorbed in undoped nanotube regions by trapping mobile excitons. The oxygen-doped SWCNTs 
are much easier to detect and image than pristine SWCNTs because they give stronger near-infrared 
emission and do not absorb at the shifted emission wavelength. 


ne of the most remarkable characteristics 
():: single-walled carbon nanotubes 

(SWCNTs) is their diversity of well- 
defined electronic and optical properties (/, 2). 
Each SWCNT is composed of covalently bonded 
carbon atoms forming an ordered tubular struc- 
ture with a specific diameter and roll-up angle, 
uniquely defined by a pair of integers called the 
(n,m) index. About two-thirds of SWCNT struc- 
tures are semiconducting. Their intrinsic band gaps 
are determined by quantum confinement and linked 
to physical structure, with only slight alterations 
possible through environmental perturbation. 

A variety of optical and electronic applica- 
tions would benefit from the controlled modifi- 
cation of SWCNT band gaps in bulk samples, 
individual nanotubes, and even segments within 
nanotubes. Covalent sidewall reactions have been 
used to bond nanotubes to chemical groups hav- 
ing a range of selected electronic properties (3, 4). 
However, to date such reactions have randomly 
eroded the highly ordered nanotube 1-electron 
structure. The additional covalent bonds remove 
electrons from the m-system, broadening and sup- 
pressing the signature near-infrared (IR) fluores- 
cence peaks of semiconducting SWCNTs (5). 
Here, we describe a different type of chemically 
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modified SWCNT that is more analogous to 
dopant-tuned semiconductor materials. These sta- 
ble and easily prepared oxygen-doped nanotubes 
are near-IR fluorophores that display distinct, 
structure-specific optical properties systematical- 
ly shifted from those of the pristine parent. They 
are more readily detected than pristine nanotubes. 

We produce these modified SWCNTs by ex- 
posing aqueous suspensions of pristine SWCNTs 
to low doses of ozone and then photolyzing the 
resulting product (6). Our studies rely on samples 
highly enriched in individual semiconducting 
(n,m) species through nonlinear density gradient 
ultracentrifugation (7). The simpler optical spec- 
tra of these sorted samples allow monitoring of 
the conversion reaction by fluorescence spectros- 
copy. Immediately after mild ozone exposure, the 
characteristic near-IR E,; fluorescence band shows 
small red shifts (~0.2) and appreciable broadening 
(~5%). Subsequent exposure to light induces a new 
emission feature, termed E,;*, that is red-shifted 
from E,,;. Spectra measured during this transforma- 
tion are shown for a (6,5)-enriched sample in Fig. 
1A. During phototransformation by light from a 
desk lamp, 980-nm E;; emission diminishes as the 
1120-nm E,;* feature increases (Fig. 1, A and B). 
However, except for some broadening, the absorp- 
tion spectrum remains essentially unchanged by 
this conversion (Fig. 1C). The transformed nano- 
tubes show very little absorption at their new emis- 
sion peak, unlike pristine SWCNTs. We estimate 
that the photoconversion efficiency is quite low, 
requiring 10’ to 10° absorbed photons per micro- 
meter of SWCNT length. An excitation-emission 


contour plot demonstrates that near-IR emission 
from both the original and the transformed (6,5) 
sample is induced by absorption at the same E>» 
transition (Fig. 1D). The shifted emission from our 
converted SWCNTs differs in wavelength from 
the weak intrinsic satellite features observed in 
pristine samples ($—/0). In addition to the prom- 
inent shifted emission band, a weak secondary 
shifted feature can also be seen (6). 

Very low ozone doses followed by photo- 
conversion are required to prepare such modified 
SWCNTs. They are qualitatively different from 
those prepared through more extensive nanotube 
ozonation (//—/7), which quenches SWCNT near- 
IR fluorescence (/8). Of several ionic surfactants 
used to suspend samples during ozonation treatment, 
we found that sodium tridecylbenzenesulfonate 
(STBS) gave the most reproducible results, pre- 
sumably because it could be used at lower concen- 
trations that compete less for reaction with ozone. 
Resonance Raman spectra revealed that the ozone- 
and-photolysis transformation was accompanied 
by the appearance of'a sharp D-band near 1310 cm | 
(figs. S10 and S11) signifying covalent function- 
alization of the nanotube sidewall (/9). The trans- 
formation reaction also occurred, although less 
efficiently, when weaker oxidants H.O, or KxCrO,4 
were substituted for ozone (fig. S18) (6). We con- 
clude that the transformed nanotubes incorporate 
covalently bonded oxygen. Similar but unintended 
oxidation may have led to the defect-induced emis- 
sion reported from some individual SWCNTs ex- 
posed to intense pulsed laser light (20). 

Other semiconducting (n,m) species also un- 
derwent oxygen doping. For example, bulk sam- 
ples enriched in (6,4) and (8,3) showed reduced 
E;; emission and the growth of a new red-shifted 
E,,* emission band as they were treated with 
ozone and visible light (fig. S9). Spectral trans- 
formations were less efficient for larger-diameter 
SWCNTs (fig. S15) (6). We measured spectral 
positions and widths of E;,* peaks from 10 dif- 
ferent oxygen-doped (n,m) species in STBS for 
comparison with their pristine forms (Table 1). 
The spectral red shifts between E,,; and E,,* 
ranged from 106 to 214 meV and showed a strong 
positive correlation with E;,; (Fig. 1E) (2/). These 
doping-induced shifts represent optical band gap 
decreases of 10 to 15% from the pristine values. 

Spectroscopic measurements on individual 
nanotubes revealed photophysical heterogeneity 
in the doped samples. The results are illustrated 
with fluorescence spectra acquired from three 
individual nanotubes in a (6,5)-enriched bulk 
sample (Fig. 2A). One nanotube was pristine and 
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Fig. 1. Spectral changes in a 
(6,5)-enriched SWCNT disper- 
sion exposed to ozone and light. 
(A) Emission spectra measured 
with 785-nm excitation after a 
single treatment with ozone and 
1 to 16 hours of white-light ir- 
radiation. (B) Spectrally inte- 
grated emission under the (6,5) 
main band (black) and side band 
(red) versus irradiation time 
with a desk lamp. (C) Absorp- 
tion spectra (path length 1 cm) 
of the SWCNT sample before 
(black) and after (red) treatment 
with ozone and light. (D) Photo- D 
luminescence excitation-emission 
contour plots from the (6,5)- 
enriched sample before and after 
treatment. The (6,5)* emission 
feature shows the same excita- 
tion peak wavelength as the 
(6,5) feature. (E) Measured pho- 
ton energy differences between 
the unshifted and shifted fluo- 
rescence peaks of 10 different 
bulk (n,m) species as a function 
of unshifted emission energy. 
Points show experimental data; 
the dashed line is a quadratic 
function drawn to guide the 
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the other two had been oxygen-doped. One of the 
two doped nanotubes showed an intense shifted 
emission band and nearly complete depletion of 
the normal band; the other emitted both shifted 
and normal bands with similar peak intensities. 
These observations demonstrate that the extent of 
oxygen doping can vary among nanotubes within 
the same bulk sample. Moreover, the bimodal 
emission traces imply that individual nanotubes 
can contain both pristine and doped regions with 
independent fluorescence spectra. We have com- 
pared the polarization of E,,; and E,,;* emission 
from an individual SWCNT whose spectrum is 
shown in Fig. 2A. The integrated intensities of 
the two bands measured through a linear polar- 
izer both follow a cos” pattem with matching phase 
angles (Fig. 2B). This result demonstrates that E),* 
emission arises from a transition dipole oriented 
parallel to that of the normal E;; emission, which is 
known to lie along the nanotube axis. 

Oxygen-doped SWCNTs showed good sta- 
bility. Transformed bulk samples have been stored 
under ambient conditions for several months with 
no change in spectral properties. To check photo- 
stability, we measured the E,,;* emission spectrum 
of an individual doped (6,4) nanotube at 1-min 
intervals while irradiating it with 775-nm light at 
150 W/cm’. The emission remained constant in 
peak position and shape but showed a slight (~3%) 
decrease in intensity over the 10-min irradiation 
period (Fig. 2C). The E,,;* emission intensity re- 
mained proportional to excitation intensity at lev- 
els up to several kW/cm? (fig. $20). 
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Table 1. Comparative spectral characteristics of pristine and oxygen-doped SWCNTs (35). Precise E1* 


peak positions depend on the extent of doping. 


Treated Pristine E14 Treated E,,* 

Pristine E,; Treated E,, Treated Ey;*  £E41-E11* width Treated E.1 width 
(n,m) peak (nm) peak (nm) _ peak (nm) © shift (meV) (meV) width (meV) (meV) 
(6,4) 878 889 1050 214 35 45 77 
(7,3) 996 1012 1150 147 34 39 75 
(9,1) 918 924 1012 117 26 43 73 
(6,5) 980 983 1120 154 28 43 50 
(8,3) 957 960 1125 189 26 31 48 
(9,2) 1141 1147 1272 106 25 28 62 
(7,5) 1027 1033 1155 127 23 41 56 
(8,4) 1116 1125 1258 117 24 42 72 
(10,2) 1058 1070 1190 117 22 24 56 
(7,6) 1124 1135 1266 113 28 45 80 


We propose a photophysical model in which 
oxygen doping of a SWCNT at low doses creates 
sparse perturbed regions that have locally re- 
duced band gaps. Because the great majority of 
carbon atoms are remote from the doping sites, 
the overall absorption spectrum remains nearly 
unchanged and shows no appreciable component 
at the E,,;* emission wavelength. However, ex- 
citons generated by light absorption in undoped 
regions are mobile, as in pristine nanotubes 
(22-24), and may diffuse during their lifetimes to 
doped sites where they are stabilized by the local 
potential minimum. Radiative recombination of 
these trapped excitons gives the E,,* emission 
characteristic of the doped nanotubes. A single 


treated nanotube may show both E;; and E,,* 
emission because excitons can radiate in pristine 
or doped locations. Higher doping levels increase 
the E,,*/E,, intensity ratio by raising the proba- 
bility of trapping before emission. Assuming 
irreversible trapping and mean exciton ranges 
somewhat below pristine values, we estimate that 
SWCNTSs with intensity ratios near | contain ap- 
proximately one oxygen atom per few thousand 
carbon atoms. 

We used quantum chemical modeling to 
predict the most stable product of O3 reaction 
with SWCNTs and the resulting wave function 
perturbations over nanotube segments 2 to 3 nm 
in length, representing the axial size of an exciton 
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Fig. 2. Spectral characterization of individual oxygen-doped SWCNTs. (A) 
Fluorescence emission spectra of three individual (6,5) nanotubes. The gray trace 
is from a pristine SWCNT; the red and yellow traces are from different treated 
nanotubes in the same bulk sample. (B) Spectrally integrated intensities from the 


(25, 26). Such segments include ~200 carbon 
atoms, making them very challenging subjects 
for ab initio studies. We therefore applied a semi- 
empirical model (PM3) instead. In agreement 
with previous reports (27-30), our computations 
point to formation of an ozonide adduct in which 
O; covalently bridges two adjacent carbon atoms 
(Fig. 3A, left). Exothermicities vary from 20 to 
40 kcal/mol, depending on SWCNT species and 
orientation of the O3 addend (fig. S2). The most 
stable adducts predicted for smaller-diameter nano- 
tubes tend to have O3 groups oriented nearly par- 
allel to the tube axis. In a process analogous to 
that experimentally observed in fullerene ozonides 
(31-33), subsequent loss of Oz from the ozonide 
leaves an epoxide with an oxygen atom bridging 
the same adjacent sp* carbon atoms (Fig. 3A, cen- 
ter). However, our calculations show this ep- 
oxide adduct to be less stable [by more than 20 
kcal/mol for a (6,5) nanotube] than an isomer in 
which the oxygen atom links two sp* carbon 
atoms nearly perpendicular to the nanotube axis 
through C-O-C ether bonds (Fig. 3A, right). We 
propose that the light-induced step in our treat- 
ment is irreversible photoisomerization of the 
epoxide adduct into this much more stable ether 
structure. Similar results for the relative stabilities 
of SWCNT oxide isomers were recently reported 
by Johnson and co-workers from density func- 
tional theory (DFT) ab initio calculations (28). 
The two oxide isomers cause quite different 
perturbations to the nanotube -electron system. 
In the epoxide adduct, both carbon atoms bonded 
to the oxygen are converted to sp* hybridization, 
and five C-C bonds are appreciably lengthened 
and angularly distorted. By contrast, in the ether 
adduct, sp” carbon hybridization is maintained, 
only one C-C bond lengthens (the broken one 
under the ether bridge), and angular distortions 
are smaller. The electronic and spectroscopic char- 
acters of the ether adduct should be much more 
similar than the epoxide to the pristine SWCNT. 
An analogous result was demonstrated in earlier 
experimental studies of Cgg and C79 treated with 
ozone (3/, 32, 34). After the initially formed 
fullerene ozonides lost O, to form oxides, those 
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nanotube giving the yellow trace in (A) as a function of emission polarization 
angle. (C) Emission spectrum (top) and contour plot of successive emission spectra 
(bottom) from a single heavily treated (6,4) SWCNT continuously irradiated at an 
intensity of 150 W/cm’. Spectra were acquired each minute. 
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Fig. 3. (A) PM3-computed structures of the most stable ozonide (left), epoxide (center), and ether (right) 
adducts of a segment of (6,5) SWCNT. (B) Sketch of qualitative energy levels, showing oxygen-induced 
perturbations to the ground and lowest “bright” exciton states as a function of axial distance from the 
dopant atom. Dashed arrows indicate relevant allowed optical transitions. (C) Bulk emission spectra of 
(6,5) SWCNTs: a pristine sample excited at its E>. absorption (gray), an oxygen-doped sample excited at its 
E22 absorption (blue), and the same oxygen-doped sample excited at its E;, absorption (red). 


with ether bridges and sp* carbon hybridization 
could be distinguished from fullerene epoxides be- 
cause they resembled the pristine parent fullerene 
in electronic absorption spectroscopy. Optical ex- 
citation of several C79 oxides converted them into 
other isomers through shifts of the oxygen atom on 
the cage surface (32). We propose that the light- 
induced process observed in our treated SWCNTs 
is a related photoisomerization. 

A comparison of computed wave functions 
for doped and pristine SWCNTs helps us to in- 
terpret the observed optical properties. The high- 
est occupied and lowest unoccupied molecular 
orbitals (HOMO and LUMO) for a perfect, in- 
finitely long semiconducting SWCNT are both 
doubly degenerate. To model the optical pertur- 


bations caused by sparse doping, we considered 
short SWCNT segments having lengths compa- 
rable to exciton sizes (a few nanometers). For 
such segments, the degenerate HOMO and 
LUMO orbitals of chiral nanotubes show a small 
end-effect splitting on the order of 0.01 meV. By 
contrast, an ether group oriented across the tube 
axis induces a far larger perturbation of 100 to 
200 meV (figs. S4, S7, and S8). This splits the 
ground-state and excited-state (eh,,) energies in 
the vicinity of the doping site to give four distinct 
levels (Fig. 3B). Dipole selection rules allow op- 
tical transitions between the upper excited-state 
sublevel and the lower ground-state sublevel, and 
also between the lower excited-state and upper 
ground-state sublevels. The latter transition repre- 
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Fig. 4. Comparative 
near-IR fluorescence mi- 
crographs (100-ms expo- 
sures) of a cultured human 
uterine adenocarcinoma 
cell specimen contain- 
ing oxygen-doped (6,5) 
SWCNTs. (A and B) Ex- 
citation was at the E> 
transition (A) and the 
E,, transition (B) under 
matched conditions. (C 
and D) Intensity profiles 
and_ peak/background 
contrast ratios along the 
yellow horizontal lines 
in the images. The sharp 
peaks near 80 um are 
from a single nanotube. 
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sents the red-shifted fluorescence (E,,;*) observed 
from oxygen-doped SWCNTs. Our calculations 
also predict that the allowed transition dipoles 
remain parallel to the nanotube axis, in agreement 
with polarization measurements (Fig. 2B). 
Absorption spectroscopy of our lightly doped 
nanotubes reveals neither of the distinctly shifted, 
allowed transitions between split levels because 
the strong electronic perturbation from oxygen 
doping is local and affects only a small fraction of 
the carbon atoms. However, we observe broaden- 
ing of E,; and E> absorptions, probably from a 
distribution of small excitonic energy shifts ex- 
tending to longer distances from doping sites. 
After light absorption, some of the excitons from 
undoped regions diffuse to doped centers, be- 
come trapped by the reduced potential, and emit 
in the red-shifted (E,,*) transition involving the 
lower LUMO and upper HOMO components. 
Trapping will be reversible if the potential well is 
not deep relative to the thermal energy kg7} and 
the ratio of E,,* to E,, emission intensities will 
decrease as temperature increases. We measured 
these ratios over a limited temperature range and 
constructed van’t Hoff plots to deduce well depths 
of 40 meV for (8,3) and 61 meV for (6,5) (fig. 
S12) (6). Consistent with the sketch of Fig. 3B, 
these values are less than half of the red shift 
between E,,* and E;, peaks because they rep- 
resent only the trapping energy, (the difference 
between the levels marked eh,; and eh,,-). By 
assuming that the E;,*/E; intensity ratio reflects 
an equilibrium distribution of exciton locations, 
we estimate a carbon/oxygen ratio of ~2000 for 
(6,5) SWCNTs with equal emission intensities (6). 
After light energy is harvested throughout the 
nanotube by strong E,; and E> absorption bands 
comparable to those of pristine SWCNTs, mobile 
excitons transfer the absorbed energy to doping 
sites that can emit red-shifted E,,* fluorescence. 
This spectral separation of intense near-IR ab- 
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sorption and emission, which is absent in pristine 
SWCNTs, allows greatly improved optical im- 
aging and detection of the doped nanotubes. 
Three factors contribute. First, excitation light 
can be tuned to a sample’s E,; peak, which has 
greater absorptivity than the E>. peak that must 
be excited in a pristine sample. Second, emission 
efficiency is also improved, as spectrally integrated 
E,;* emission exceeds E); emission of the pristine 
SWCNT under equivalent excitation conditions. 
These differences are illustrated by three spectra 
recorded from the same (6,5)-enriched sample 
excited at its Ex» peak before doping, at its Ey. 
peak after doping, and at its E,, peak after doping 
(Fig. 3C). The third factor is that excitation with 
longer-wavelength, near-IR light generates far 
less background emission from biological or en- 
vironmental specimens. 

We demonstrated this enhanced detectivity by 
near-IR fluorescence microscopy of cultured hu- 
man uterine adenocarcinoma cells incubated in 
growth medium containing oxygen-doped (6,5) 
SWCNTSs coated with Pluronic F127 surfactant. 
For comparison, 100-ms fluorescence images of 
the same specimen were recorded using E> ex- 
citation (as for pristine samples) and E,; exci- 
tation of matched intensity. Optical filters blocked 
wavelengths below 1050 nm in the imaging path. 
The resulting images are shown (false-colored) in 
Fig. 4, A and B, along with intensity profile plots 
along the horizontal lines drawn through the 
image frames (Fig. 4, C and D). Most individual 
spots represent single nanotubes. The profile 
plots show that E,, excitation provides more than 
3 times the emission intensity with one-sixth the 
background level compared to E> excitation. 
This improves image contrast by a factor of ~20. 

Oxygen doping of SWCNTs is a simple chem- 
ical treatment that spectrally separates near-IR 
emission from absorption bands. This makes doped 
SWCNTs superior near-IR fluorophores and sug- 


gests the prospect ofa family of near-IR SWCNT 
lasers pumped by optical excitation, energy trans- 
fer, or charge injection. 
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Entropically Stabilized Local Dipole 
Formation in Lead Chalcogenides 


Emil S. Bozin,? Christos D. Malliakas,” Petros Souvatzis,> Thomas Proffen,’ Nicola A. Spaldin,° 


1660 


Mercouri G. Kanatzidis,””® Simon J. L. Billinge 


1,7* 


We report the observation of local structural dipoles that emerge from an undistorted ground state 
on warming, in contrast to conventional structural phase transitions in which distortions emerge 
on cooling. Using experimental and theoretical probes of the local structure, we demonstrate this 
behavior in binary lead chalcogenides, which were believed to adopt the ideal, undistorted rock-salt 
structure at all temperatures. The behavior is consistent with a simple thermodynamic model in 
which the emerging dipoles are stabilized in the disordered state at high temperature due to the extra 
configurational entropy despite the fact that the undistorted structure has lower internal energy. 
Our findings shed light on the anomalous electronic and thermoelectric properties of the lead 
chalcogenides. Similar searches may show that the phenomenon is more widespread. 


by a spontaneous alignment of static local 

dipole moments leading to a net electric 
polarization that can be switched by an applied 
electric field (7). Above their critical Curie tem- 
perature, 7., they undergo a phase transition to 
a higher symmetry, nonpolar state, which by anal- 
ogy with ferromagnets is called paraelectric. Al- 
though the question of whether the paraelectric 
phase consists of fluctuating local dipole mo- 
ments or entirely centrosymmetric arrangements 
of atoms remains open (and likely depends on 
material, temperature, and length scale), the tran- 
sition from paraelectric to ferroelectric on cool- 
ing always involves a lowering in symmetry that 
is well described within the traditional Landau 
picture of phase transitions, for example, in 
BaTiO3 (2). In PbTe and PbS, we have observed 
the existence at high temperature of such a para- 
electric phase of disordered, fluctuating dipoles, 
but the ground state rather than being the ferro- 
electric state is a dielectric with no local dipoles. 
There is no macroscopic symmetry change asso- 
ciated with the spontaneous local dipole forma- 
tion, so the behavior is invisible to conventional 
crystallographic techniques. We detect the local 
atomic off-centering at high temperature using 
recently developed local structural probes. 

Lead chalcogenides such as PbTe and the 
mineral galena (PbS) have been known and ex- 
ploited since ancient times (3). They are partic- 
ularly important today, with PbTe currently 
the leading thermoelectric material in applica- 
tions just above room temperature (4). Despite 


Pore materials are characterized 
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their long history, their nanoscale structure has 
only recently been studied in detail (5—7), mo- 
tivated by the realization that intrinsic nanoscale 
structural modulations are helpful in produc- 
ing low thermal conductivity and, therefore, 
high thermoelectric figures of merit (4, 8). Such 
studies of the nanostructure have been enabled 
by powerful synchrotron-based local structure 
probes, such as atomic pair distribution function 
(PDF) analysis (9, 10). The PDF is obtained by 
Fourier transforming appropriately collected 
and corrected x-ray or neutron powder diffrac- 
tion data (9) and has peaks at positions corre- 
sponding to interatomic distances in the solid. 
We show in Fig. 1B the PDF of the simple rock- 
salt structure (Fig. 1A) that the lead chalco- 
genides were previously believed to adopt at all 
temperatures. Because both Bragg and diffuse 
scattering signals are used, the PDF yields local 
structural information rather than just the aver- 
age crystallographic structure. 

Our main results, obtained from temperature- 
dependent neutron diffraction studies, are sum- 
marized in Fig. 1, C to I. Because PbTe and PbS 
behave qualitatively similarly, we present only 
the PbTe results in the figure; data for PbS are 
contained in figs. S1 and S2 in the supporting 
online material (//). The dramatic effect of tem- 
perature on the structure of PbTe is evident in 
the powder diffraction pattern, shown in the form 
of the corrected and normalized diffraction in- 
tensity function F(Q) (//) in Fig. 1C. This figure 
also serves to illustrate the high quality and good 
statistics of the neutron powder diffraction data 
collected over a wide range of momentum trans- 
fer, O (O = 4nsin®@/A, where 0 is the Bragg angle 
and A the wavelength of the x-rays or neutrons). 
The dramatic loss of intensity in the Bragg peaks 
at high Q in the 500 K data (red) compared with 
the 15 K data (blue) is clear. The attenuation is 
due in part to the usual Debye-Waller effects (/2) 
from increased thermal motion; however, the 
extent of the changes is extraordinarily large. In 
Fig. 1, D and E, we show the PDFs at 15 K and 
500 K, respectively; the effect of temperature on 
the PDFs is anomalous, with notable broadening 


evident at 500 K compared with 15 K. (The scale in 
Fig. 1E is one-fifth that in Fig. 1D.) 

To study the temperature-induced local struc- 
tural effects in more detail, we next analyze the 
temperature dependence of the low-r region, 
where r is the interatomic pair separation dis- 
tance, of the PDF (Fig. 1F), where measured PDFs 
are shown every 50 K from 15 K to 500 K. The 
PDF peak broadening is reflected in the drop in 
the maxima of the peaks. Particularly striking is 
the drop in the nearest-neighbor peak, which oc- 
curs as rapidly as those in the higher-neighbor 
peaks. This strong broadening of the nearest- 
neighbor PDF peak does not occur in conventional 
materials. This is because of the highly correlated 
dynamics of nearest-neighbor atoms (/3), which 
results in the relative motion of directly bonded 
atom pairs having a much smaller temperature 
dependence than the higher-neighbor pairs. 

In Fig. 1, G and H, we show the Pb-Te nearest- 
neighbor peak on an expanded scale. At 15 K 
(Fig. 1G), the peak appears as a sharp, single- 
Gaussian function with small ripples coming 
from the finite O range of the Fourier transform, 
so-called termination ripples (9). The red line is 
a calculated PDF peak with a pure Gaussian 
line-shape, convoluted with a sinc function to 
simulate the effects of the finite Fourier trans- 
form (9). This is characteristic of a single aver- 
age bond length with harmonic motion taking 
place around that position, indicating that the 
ground state of PbTe at 15K is ideal rock-salt in 
both the local and average structures, as expected. 
However, at 500 K (Fig. 1H), the peak is consid- 
erably broadened and qualitatively non-Gaussian, 
with extra intensity apparent on the high-r side 
of the peak. This unambiguously indicates the 
appearance of nonharmonic effects with increas- 
ing temperature. 

We have quantified the asymmetry of this 
peak, and in Fig. 11 we plot the temperature de- 
pendence of a PDF peak asymmetry param- 
eter, ARasymm (//). It has a value of zero for 
a perfectly symmetric peak such as a Gaussian, 
and its numerical value increases as the peak be- 
comes more asymmetric. As evident in Fig. 1], 
the asymmetric nature of the first PDF peak 
increases continuously from 15 K to ~250 K, 
where it saturates. 

The non-Gaussian asymmetry can be inter- 
preted either in terms of strong anharmonicity in 
a single-welled potential probed by the atomic 
motions or by the appearance of multiple, incom- 
pletely resolved, short and long bond lengths 
under the nearest-neighbor PDF peak, charac- 
teristic of quasistatic structural dipoles in ma- 
terials studied using the PDF (/4, /5). Figure 1F 
points to the latter interpretation because it is 
evident that higher-neighbor peaks are also losing 
their Gaussian character at high temperature. 
Despite being globally rock-salt, characteristic 
of lone-pair-inactive Pb** compounds (6), the 
local structure behaves like that in ferroelectrically 
distorted lone-pair—active Pb’ compounds such as 
PbTiO; (/4). The off-centered ions are disordered 
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among symmetry-equivalent displaced sites sim- 
ilar to the Ti in the high-temperature phases of 
BaTiO; (/4). Although the PDF does not yield 
information directly on the dynamics, it is likely 
that the local dipole moments are fluctuating 
between the symmetry equivalent displaced sites. 

Further confirmation of this unexpected result 
has been obtained by modeling the PDF using a 
least-squares fitting procedure (//). In Fig. 2A, the 
reduced x7 (goodness of fit) values of a number 
of competing models are shown as a function of 
temperature. Undistorted models give the best 
agreement at low temperature, but above 100 K 


distorted models give better agreement, with a 
model including displacements along (100) crys- 
tallographic directions being clearly preferred. 
In Fig. 2, B and C, we show the T dependence 
of Pb isotropic atomic displacement parame- 
ters (ADPs) and the lattice parameter, respec- 
tively, refined from the simplest undistorted 
model. In this model, any off-centering must be 
accommodated in the refined ADP. The tem- 
perature dependence of both lattice parameters 
and the ADPs are linear, as expected, in the high- 
temperature region. In contrast, both properties 
show a downward deviation from this linear 
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Fig. 1. (A) The rock-salt structure of PbTe with various interatomic distances color coded and (B) the 
respective PDF peaks marked with arrows using the same color code to illustrate how the PDF is built up 
from atom-pair distances in the structure. (C) Experimental total scattering structure function F(Q) at T = 
15 K (blue) and 7 = 500 K (red), with the corresponding PDFs (open symbols) shown in (D) and (E). The 
PDF of the rock-salt structure model is superimposed as a solid red line, with the difference curve (green) 
offset for clarity. (F) A stack of experimental PDFs from 15 K (blue) to 500 K (red) in ~50 K increments. 
The 150 K data set is highlighted in green, and the 300 K data are in purple. The inset focuses on the 
behavior of the nearest-neighbor PDF peak. (G) Fit of the rock-salt crystallographic model to the near- 
neighbor PDF peak data at 15 K and (H) at 500 K. (I) Asymmetry of the near-neighbor PDF peak. 
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behavior below room temperature, precisely in 
the region where the PDF peak asymmetry is 
changing. This cannot be explained in any har- 
monic or quasiharmonic model for the lattice 
dynamics, such as the Debye model (/6), shown 
as solid lines in the figure. The combined temper- 
ature dependences of the PDF peak asymmetry 
and the ADPs suggest that local ferroelectric- 
like Pb** off-center displacements, absent at 7 = 
0 K, gradually emerge over the temperature range 
up to 250 K. At higher temperatures, the dis- 
placed ions show more conventional dynamics, 
resulting in a linear ADP and lattice expansion. 
The amplitude of the Pb** ion off-centering dis- 
tortion, refined in the favored (100)-displacements 
model, is shown in Fig. 2E. The refined distor- 
tion saturates at a maximum value of 0.24 A. 
This is comparable in magnitude to ferroelectric 
displacements in, for example, BaTiO; (2). The 
vicinity of a ferroelectric instability is also im- 
plicated in first-principles electronic structure 
calculations (7), including our recently devel- 
oped self-consistent ab initio lattice dynamical 
(SCAILD) method (77), as evident in fig. S3 (7). 

Although the behavior observed in the PDF 
is highly unusual—we know of no other obser- 
vation of local dipoles emerging from an un- 
distorted ground state on heating—we rationalize 
it using a simple thermodynamic argument. In 
Fig. 3A, we plot the familiar schematic of the 
thermodynamic free energy, F, versus temper- 
ature for a series of phases. 

The curves slope downward with increasing 
temperature, 7; due to the increased contribution 
of the entropy term in the free energy at higher 
temperature: F = U— TS, where U is the internal 
energy. Phases with higher entropies, S, slope 
down more steeply and may cross below phases, 
with lower internal energy becoming the stable 
phase at high temperature. This is the classic 
explanation of the solid-liquid phase transition. 
In Fig. 3A, we represent the free energy of an 
ordered ferroelectric phase as a light blue line 
and that of the disordered paraelectric phase in 
olive green. In the absence of competing phases, 
the ferroelectric phase transition occurs at J, where 
these lines cross as indicated in the figure. Above 
Tz, the stable state is the paraelectric phase. 

Another metastable state may exist that is 
undistorted but has a higher internal energy 
than the distorted phase. This is represented as 
a dashed gray line in Fig. 3B. Its configurational 
entropy should be the same as the ordered ferro- 
electric phase (light blue curve), so in the sche- 
matic we give these a similar slope, although 
factors such as vibrational entropy differences 
will change this somewhat in practice. Because 
it is higher in energy and has a similar slope, 
the free energy of this phase never crosses the 
ferroelectric phase, and it is never the stable 
state. However, consider the special situation in 
which this competing undistorted state is very 
close but slightly lower in energy than the fer- 
roelectric state at T = 0. This situation is de- 
picted as the red line in the figure. In this case, 
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the ground state is undistorted, but on warming 
the stable state becomes the paraelectric phase, 
and local fluctuating dipoles emerge out of an 
undistorted ground state. This crossover is in- 
dicated by 7; in the figure. These thermodynamic 
arguments do not explain the phenomenon, but 
they give an intuitive rationalization for this be- 


havior and suggest that it may be more wide- 
spread than in the PbQ compounds studied here. 

The thermodynamic arguments do not ad- 
dress the microscopic mechanisms that could 
give rise to this situation, nor do they address the 
precise nature of the transition from the undis- 
torted to the paraelectric phase, that is, whether 
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Fig. 2. (A) Reduced 7 of best fits for competing models of the local structure (12). (B) The gray dots 
are the isotropic ADPs for Pb refined from the undistorted model. The solid lines represent the behavior 
expected from the Debye model, using the same Debye temperature, but with different offset param- 
eters, accounting for static disorder, for the red and blue lines. (C) The PbTe lattice parameter (gray dots) 
as obtained from Rietveld refinement. The vertical dashed line indicates the temperature 250 K where 
the asymmetry of the nearest-neighbor peak saturates (Fig. 11). (D) Schematic of the rock-salt structure 
shown in projection down the c axis, showing Pb (blue) and Te (red). (E) Same view of the proposed model 
for the distorted rock-salt structure above room temperature. The amplitude of the Pb displacements have 
been highly exaggerated to show the displacements more clearly. (F) Amplitude of Pb local off-centering 
refined from the (100) displaced model. 
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Fig. 3. Schematics of the temperature dependence of the thermodynamic free energy F. (A) The light 
blue curve represents F(7) for a ferroelectric state with ordered dipole moments (shown schematically as 
blue arrows), and the olive green curve is for the paraelectric state where the dipoles are fluctuating 
and only short-range ordered at best. It is more steeply sloping because of the extra configurational 
entropy. Where these curves cross is the ferroelectric transition temperature, labeled 7;. The blue arrows 
show schematically the ordered dipole moments in the ferroelectric phase and disordered moments in 
the paraelectric phase. (B) As in (A) but superimposed are additional free-energy curves for putative 
undistorted states. The gray dashed curve represents F(7) for a metastable undistorted state. The red 
curve shows the case where the competing undistorted state is slightly lower in energy than the ferro- 
electric state. In this case, there is a crossover from an undistorted to a paraelectric phase at a tem- 
perature 7;, as shown schematically. In the insets, the blue dots indicate the absence of dipoles at low 
temperature and the blue arrows the disordered fluctuating dipoles at high temperature. 


it is an abrupt transition or a diffuse crossover. 
The short-range nature of the dipole fluctuations 
suggests the latter, although characterizing this 
will require further study. Although there is no 
change in crystal symmetry, so it is not possible 
to identify a macroscopic order parameter, there 
is evidence for the transition in a macroscopic 
structural parameter: An anomaly is evident in 
the temperature dependence of the lattice param- 
eter (Fig. 2B), which shows a similar negative 
deviation from linear behavior at 250 K. 

The structural effects we report should be 
considered in future explanations of the peculiar 
properties of these materials; for example, the 
very low lattice thermal conductivity (/8) at ele- 
vated temperatures. The ferroelectric-like moment 
fluctuations would also explain the well-known 
strong temperature dependence of carrier scatter- 
ing, which is unique in PbQ and not found in 
other semiconductors such as Si, Ge, and BiTe3. 
This dependence causes the rapid degradation 
of carrier mobility with rising temperature with 
a T *° dependence (/9). Generally, the power 
exponent for the mobility in semiconductors is 
~T eae and it is due to the increase in vibrational 
amplitude of the lattice. The high power expo- 
nent in PbQ implies additional scattering mech- 
anisms for the carriers that would come from 
the local off-centering fluctuations of the Pb?* 
ions. Similarly, our electronic structure calcu- 
lations (//) find an enhanced band gap for the 
locally distorted structure, indicating that the 
observed anomalous increase in the band gap, 
E,, with increasing temperature observed in 
PbTe (20), may be explained by the appearance 
of the local distortions. 

The emergence of structural dipoles from 
normal, undistorted states in materials may be 
more ubiquitous than currently recognized. There 
are some similarities of the present situation to 
the search for a hidden broken symmetry in the 
pseudogap phase of high-temperature supercon- 
ductors, where a short-range nematic orbital or- 
dering may be relevant but is only apparent in 
probes of local structure (2/). The PDF is a 
powerful experimental tool for probing these 
effects. Finally, we may now begin to contemplate 
new ways to control these fluctuations through 
appropriate chemical modifications that could 
lead to large increases in the thermoelectric per- 
formance of PbTe-based materials. We suggest in 
particular that new thermoelectrics should be 
sought among materials that, like PbTe, are close 
to a ferroelectric instability. It is remarkable that 
binary compounds with such simple structures, 
which have been known about and exploited for 
thousands of years, can still harbor surprises 
when studied using modern experimental and 
theoretical tools. 
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Large Variations in Southern 
Hemisphere Biomass Burning 
During the Last 650 Years 


Z. Wang," J. Chappellaz,* K. Park,* J. E. Mak’* 


We present a 650-year Antarctic ice core record of concentration and isotopic ratios (5°°C and 
5780) of atmospheric carbon monoxide. Concentrations decreased by ~25% (14 parts per billion 
by volume) from the mid-1300s to the 1600s then recovered completely by the late 1800s. 87°C 
and 8"°0 decreased by about 2 and 4 per mil (%0), respectively, from the mid-1300s to the 1600s 
then increased by about 2.5 and 4%o by the late 1800s. These observations and isotope mass 
balance model results imply that large variations in the degree of biomass burning in the Southern 
Hemisphere occurred during the last 650 years, with a decrease by about 50% in the 1600s, an 
increase of about 100% by the late 1800s, and another decrease by about 70% from the late 
1800s to present day. 


the chemistry of the troposphere, largely _ the global CO budget (5). To date, no isotopic ratios 
determining the oxidation potential ofthe — from CO in ice have been reported, and few CO 
atmosphere through its interaction with hydroxyl mixing ratio measurements have been reported 
radical (OH). CO also interacts with atmospheric _(/, 3, 6). Through use of a recently developed ana- 
methane, a gas whose preindustrial variability is _ lytical technique (7), we present measurements of 
the topic of continuing debate (J, 2). Little is | CO concentration ({CO]), &'°C, and 5'°O from a 
known about the variability of CO before the South Pole ice core [89°57'S 17°36'W; 2800 m 
industrial age (3) or about the anthropogenic im- _above sea level (asl)] and from the D47 ice core 
pact on its budget, although both affect atmospheric — (67°23'S 154°03'E; 1550 masl) in Antarctica (Fig. 1). 
CH, and O3 budgets and related climate-chemistry The combined changes in [CO], 8'°C, and 8'80 
interactions. during the past 650 years should reflect variations 
The main sources of atmospheric CO include _ in both total CO flux and a shift in relative source 
atmospheric oxidation of methane and nonmethane __ strengths over time. [CO] shows a decreasing trend 
hydrocarbons (NMHCs), biomass burning, and fos- from 53 + 5 parts per billion by volume (ppbv) in 
sil fuel combustion (4). These sources account — the mid-1300s to a minimum of 38 + 5 ppbv in the 
for about 90% of today’s global CO budget (4). 1600s. CO mixing ratio then increases to a rel- 
Stable isotopic ratios (5'°C and '%O) in atmo- atively constant value of 55 + 5 ppbv in the late 
spheric CO help to resolve the relative contribu- 1800s. Good agreement was observed between 
our [CO] data and previous measurements on 
Antarctic ice samples (3, 6). Trends in both 8'°C 
“Institute for Terrestrial and Planetary Atmospheres/School of — and 8!8O look similar to the [CO] record up to the 
Marine and Atmospheric Sciences, Stony Brook University, late 1800s. 83C [Vienna Pee Dee belemnite 
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C arbon monoxide (CO) plays a key role in _ tions of these sources and thus to better estimate 


Grenoble, BP 96, 38402 St. Martin d’Héres Cedex, France. water (VSMOW)], respectively, decreased from 
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john.mak@stonybrook.edu to —30.2 + 0.3% and —3.4 + 0.7%o in the 1600s, 


then increased to —27.4 + 0.3%o and 0.8 + 0.7%o 
by the late 1800s. Minimum values of [CO], 5'°C, 
and 8'O roughly coincide with the Little Ice Age 
(LIA; circa 1500-1800), as defined in the North- 
ern Hemisphere. 

Observations from Berkner Island (79°32.90'S 
45°40.7'W; 890 m asl) firn and present day sam- 
ples are also shown in Fig. 1. The slight decrease 
of [CO] from the late 1800s to present day is thus 
accompanied by large shifis in both 8'°C and &'80, 
which is a result of variations in relative source 
strengths during the past century. In particular, 
methane-derived CO, which is dependent upon 
methane concentration and depleted in both 8'°C 
and 5'80, increased dramatically—by 13 ppbv— 
during this time (Fig. 2). Because there was 
little difference in overall [CO] between the late 
1800s and present day, contributions from other 
CO sources must have decreased by a similar 
amount. Data from Berkner Island firm air show 
an increase in [CO] and a decrease in 8'°C since 
1970 (8), reflecting the increase in atmospheric 
methane (9). 

The contribution from fossil fuel combustion 
is negligible before the 1900s according to his- 
toric CO, emissions data (/0). In addition, simu- 
lations from the Model for Ozone and Related 
chemical Tracers (MOZART-4) (//) show the 
fossil fuel combustion contribution to today’s CO 
budget in Antarctica is only 2 to 3 ppbv. Thus, the 
main sources of CO able to explain our signals are 
biomass burning and NMHC oxidation. 

We can use isotopic compositions to help dis- 
tinguish combustion-derived CO (such as bio- 
mass burning) from noncombustion-derived CO 
(such as hydrocarbon oxidation). C'S0 is a useful 
tracer for this because of large differences in the 
oxygen isotopic composition between combus- 
tion and noncombustion sources of CO (/2). The 
5'8O signature from combustion sources is sig- 
nificantly enriched as compared with the &'8O 
signature from hydrocarbon oxidation processes 
(12, 13). The 8'°O value for biomass burning— 
derived CO is generally between 15 and 22%o, de- 
pending on specific combustion conditions (/3—/5). 

We used an isotope mass balance model to es- 
timate the ratio of combustion to noncombustion 
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We present a 650-year Antarctic ice core record of concentration and isotopic ratios (5°°C and 
5780) of atmospheric carbon monoxide. Concentrations decreased by ~25% (14 parts per billion 
by volume) from the mid-1300s to the 1600s then recovered completely by the late 1800s. 87°C 
and 8"°0 decreased by about 2 and 4 per mil (%0), respectively, from the mid-1300s to the 1600s 
then increased by about 2.5 and 4%o by the late 1800s. These observations and isotope mass 
balance model results imply that large variations in the degree of biomass burning in the Southern 
Hemisphere occurred during the last 650 years, with a decrease by about 50% in the 1600s, an 
increase of about 100% by the late 1800s, and another decrease by about 70% from the late 
1800s to present day. 


the chemistry of the troposphere, largely _ the global CO budget (5). To date, no isotopic ratios 
determining the oxidation potential ofthe — from CO in ice have been reported, and few CO 
atmosphere through its interaction with hydroxyl mixing ratio measurements have been reported 
radical (OH). CO also interacts with atmospheric _(/, 3, 6). Through use of a recently developed ana- 
methane, a gas whose preindustrial variability is _ lytical technique (7), we present measurements of 
the topic of continuing debate (J, 2). Little is | CO concentration ({CO]), &'°C, and 5'°O from a 
known about the variability of CO before the South Pole ice core [89°57'S 17°36'W; 2800 m 
industrial age (3) or about the anthropogenic im- _above sea level (asl)] and from the D47 ice core 
pact on its budget, although both affect atmospheric — (67°23'S 154°03'E; 1550 masl) in Antarctica (Fig. 1). 
CH, and O3 budgets and related climate-chemistry The combined changes in [CO], 8'°C, and 8'80 
interactions. during the past 650 years should reflect variations 
The main sources of atmospheric CO include _ in both total CO flux and a shift in relative source 
atmospheric oxidation of methane and nonmethane __ strengths over time. [CO] shows a decreasing trend 
hydrocarbons (NMHCs), biomass burning, and fos- from 53 + 5 parts per billion by volume (ppbv) in 
sil fuel combustion (4). These sources account — the mid-1300s to a minimum of 38 + 5 ppbv in the 
for about 90% of today’s global CO budget (4). 1600s. CO mixing ratio then increases to a rel- 
Stable isotopic ratios (5'°C and '%O) in atmo- atively constant value of 55 + 5 ppbv in the late 
spheric CO help to resolve the relative contribu- 1800s. Good agreement was observed between 
our [CO] data and previous measurements on 
Antarctic ice samples (3, 6). Trends in both 8'°C 
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then increased to —27.4 + 0.3%o and 0.8 + 0.7%o 
by the late 1800s. Minimum values of [CO], 5'°C, 
and 8'O roughly coincide with the Little Ice Age 
(LIA; circa 1500-1800), as defined in the North- 
ern Hemisphere. 

Observations from Berkner Island (79°32.90'S 
45°40.7'W; 890 m asl) firn and present day sam- 
ples are also shown in Fig. 1. The slight decrease 
of [CO] from the late 1800s to present day is thus 
accompanied by large shifis in both 8'°C and &'80, 
which is a result of variations in relative source 
strengths during the past century. In particular, 
methane-derived CO, which is dependent upon 
methane concentration and depleted in both 8'°C 
and 5'80, increased dramatically—by 13 ppbv— 
during this time (Fig. 2). Because there was 
little difference in overall [CO] between the late 
1800s and present day, contributions from other 
CO sources must have decreased by a similar 
amount. Data from Berkner Island firm air show 
an increase in [CO] and a decrease in 8'°C since 
1970 (8), reflecting the increase in atmospheric 
methane (9). 

The contribution from fossil fuel combustion 
is negligible before the 1900s according to his- 
toric CO, emissions data (/0). In addition, simu- 
lations from the Model for Ozone and Related 
chemical Tracers (MOZART-4) (//) show the 
fossil fuel combustion contribution to today’s CO 
budget in Antarctica is only 2 to 3 ppbv. Thus, the 
main sources of CO able to explain our signals are 
biomass burning and NMHC oxidation. 

We can use isotopic compositions to help dis- 
tinguish combustion-derived CO (such as bio- 
mass burning) from noncombustion-derived CO 
(such as hydrocarbon oxidation). C'S0 is a useful 
tracer for this because of large differences in the 
oxygen isotopic composition between combus- 
tion and noncombustion sources of CO (/2). The 
5'8O signature from combustion sources is sig- 
nificantly enriched as compared with the &'8O 
signature from hydrocarbon oxidation processes 
(12, 13). The 8'°O value for biomass burning— 
derived CO is generally between 15 and 22%o, de- 
pending on specific combustion conditions (/3—/5). 

We used an isotope mass balance model to es- 
timate the ratio of combustion to noncombustion 
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sources over the time period of interest (//). 
Steady-state atmospheric conditions were as- 
sumed on the basis of the relatively short lifetime 
of CO (weeks to months) as compared with the 
integrated sampling time for a typical ice core 
sample (~10 years for the D47 ice core and ~30 
years for the South Pole ice core). Resulting source 
emission estimates are shown in Fig. 2. Also shown 
are source emission estimates over the last three 
decades and those in present day. CO from NMHC 
oxidation did not change significantly, whereas CO 
from biomass burning showed a large “saddle” 
trend, with maxima in both the mid-1300s and the 
late 1800s and a minimum in the 1600s. The ob- 
served trend in [CO], 6 C, and 5!80 was therefore 
mostly driven by variations in biomass burning, 
and compared with present day, biomass burning 
was almost the same in the late 1800s as that in the 
mid-1300s. This is consistent with the correlation 
observed between 8'8O and CO concentration 
(fig. S1). The y intercept of 9%bo, corrected for the 
inverse mass-dependent kinetic isotope effect 
(KIE) for CO+OH (/6) during atmospheric trans- 
port, leads to a mean oxygen isotopic signature of 
the source of 15 to 18%, which indicates a pre- 
dominant combustion source. 

We have assumed that the observations were 
driven by variations in CO source strengths. It is 
possible, however, that the removal rate of CO by 
OH could have changed. However, if that were 
the case, then a slight enrichment in &'°C should 
be observed because of the KIE (/6). This is con- 
trary to the observations. The second largest loss 
mechanism known for CO (but only accounting 
for 10%) is uptake by soils, which is largely de- 
pendent on soil surface area and mean temperature 
(17), both of which have not changed much in the 
Southern Hemisphere during the past several hun- 
dred years (/8). 

Satellite data combined with biogeochemical 
models to interpret the interannual variability of 
global biomass burning emissions show that from 
1997 to 2004, lower temperature and higher pre- 
cipitation correlated with reduced biomass burning 
emission (/9). On longer time scales, biomass 
burning was shown to increase with the rapid 
Dansgaard/Oeschger warmings of the last glacial, 
probably because of increased vegetation produc- 
tivity and fuel availability for burning (20). 

Our calculated biomass burning trend (Fig. 2) 
is generally consistent with the tropical charcoal 
index (Fig. 3) (2/). The charcoal index, which is 
a proxy for biomass burning, suggests a decline 
from ~0 to ~1750 followed by a sharp increase 
between 1750 and 1870 and a substantial decrease 
during the past century (2/). Because of the fast 
deposition of charcoal particles, the charcoal index 
reflects a more regional component of biomass 
burning as compared with CO; however, the gen- 
eral trends for the two records are consistent within 
the range of calculated uncertainty, with perhaps 
the exception of the period of 1600-1700. The 
initial decline in biomass burning occurred in con- 
cert with a global cooling trend, reflecting the 
impact of climate change (2/). The cooling was 


more muted on average in the Southern Hemi- 
sphere (22). But in a region such as southern South 
America, warm episodes are recorded before 1350 
and in the early 19th century (23), coinciding with 
the stronger biomass burning emissions of CO 
deduced from our record. Since the 1700s, the in- 
crease of biomass burning has probably been in- 
fluenced by both natural and anthropogenic 
forcings. This trend is also consistent with Berkner 
Island firn air data from ~1970 to present day. 
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Such a reduction may result from a shift toward 
intensive grazing and fire management (24), 
which could lead to a change in landscape makeup 
and subsequently less biomass availability in some 
regions (25). 

Biomass burning changes during the last two 
millennia have also been evaluated by using [CH] 
and 8'3CH, records from the Law Dome ice core 
(1). These investigators conclude that the pyrogen- 
ic emissions of CH, decreased by ~40% on the 
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Fig. 1. The 650-year records of [CO], 8°°C, and &*°O from two ice cores: D47 ice core (diamonds) and 
South Pole ice core (squares). (A) [CO]. (B) 57°C. (C) 8780. Error bars represent analytical uncertainties. 
The shaded area shows the timing of the LIA. Also shown are observations of annually averaged [CO], 
33C, and 87°0 of atmospheric CO (crosses) at Scott Base in 1991 (13). Berkner Island firn air data (stars) 
(8) roughly covering the last three decades of the 20th century show a 5 ppbv increase of [CO], 2.5%o 
decrease of 57°C, and a slight increase in 8*°O since the late 1960s. 
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global scale in 1700 relative to the emissions from 
0 to 1000, a figure that is consistent with our cal- 
culated ~50% drop of biomass burning emis- 
sions of CO during the 1600s in the Southern 
Hemisphere. Furthermore, recent research based 
on the stable isotopic ratios of methane in the 
West Antarctic Ice Sheet (WAIS) Divide ice core 
(79°27.7'S 112°7.51'W; 1759 m asl) also indicates 
that the median biomass burning source strength 
decreased by 38 + 1% from the period of 990— 
1460 to 1689-1730 (26). 

Long-term variations in atmospheric circula- 
tion could have partly modulated the long-range 
transport of biomass burning CO from the tropics 


to the high-latitude Southern Hemisphere (27), 
thus contributing in part to the calculated CO var- 
iability. For instance, a strengthened polar vortex 
could inhibit latitudinal exchanges and extratrop- 
ical CO intrusion into the Antarctic atmosphere. 
However, the last period of intensification of south- 
ern circumpolar westerlies and accompanying rel- 
atively cooler conditions over East Antarctica (28) 
and West Antarctica occurred ~1200 to 1000 years 
ago (29), well before the period of this study. 
Although it cannot be entirely ruled out, indications 
are that circumpolar circulation did not change 
significantly during this period and did not have a 
large impact on CO large-scale transport. 
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Fig. 2. Modeled CO source partitioning based on observations and an isotope mass balance model. (A) 
[CO] from methane oxidation. (B) [CO] from NMHC oxidation. (C) [CO] from biomass burning. Different 
scenarios have been tested in the model to show the sensitivity of minor sources (11). Thick lines in (B) and 
(© represent the mean values of different scenarios, and shaded areas represent different scenario run 
results and uncertainties. [CH,] data are from the Law Dome record (9). [CO] derived from the three major 
sources since the late 1960s was calculated based on Berkner Island firn air data (8) and an isotope mass 
balance model (orange circles). CO source partitioning at present day was calculated based on MOZART-4 
simulation and CO measurements (annually averaged, 1997—2004) at Scott Base (red squares). 
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Another possible process that has a major effect 
on the meridional transport of CO is the movement 
of the Intertropical Convergence Zone (ITCZ) 
(30). Paleoclimatic evidence from continental Asia 
(31), Africa (32), the Americas (33), and the Pacific 
Ocean (34) suggests that a southward shift of the 
ITCZ occurred during the past millennium, reach- 
ing its southernmost position some time during 
the LIA (34). As the ITCZ shifts southward, less 
CO produced from biomass burning will be trans- 
ported to the Southern Hemisphere. This would 
have reduced the contribution of Southern Hemi- 
sphere biomass burning to [CO] observed in Ant- 
arctica during the LIA. A southward shift of 
the ITCZ position would also shift rainfall pat- 
terns southward because precipitation follows 
the ITCZ (35). A southward shift of precipitation 
could also contribute to a decrease in biomass 
burning during the LIA because dry conditions 
favor biomass burning. 

Previous modeling studies suggest that pre- 
industrial biomass burning was much lower than 
today, with a reduction of up to 90% (36-38). 
This is the common assumption in climate model 
simulations. However, our results show that present- 
day CO from Southern Hemisphere biomass 
burning is lower than at any other time during the 
last 650 years. This is particularly relevant be- 
cause assumptions on preindustrial [CO] are an 
important component for correctly estimating the 
radiative forcing of tropospheric ozone in pre- 
industrial times (39). [CO] changes due to bio- 
mass burning also suggest that there were decadal 
and centennial scale variations in average concen- 
trations of black carbon, which is another major 
atmospheric constituent produced with burning, 
leading to the unanswered question of its potential 
role in long-term climate variability. 
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Fig. 3. Correlation between the derived CO from biomass burning (green line) and the sedimentary 
charcoal record compilation in the tropics (30°N—20°S) (red line) (21). The red shaded area represents 
charcoal index measurement uncertainties. The blue shaded area is the same as that in Fig. 2C. Also shown is 
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Nitric oxide reductase (NOR) is an iron-containing enzyme that catalyzes the reduction of nitric oxide 
(NO) to generate a major greenhouse gas, nitrous oxide (N20). Here, we report the crystal structure of 
NOR from Pseudomonas aeruginosa at 2.7 angstrom resolution. The structure reveals details of the 
catalytic binuclear center. The non-heme iron (Feg) is coordinated by three His and one Glu ligands, 
but a His-Tyr covalent linkage common in cytochrome oxidases (COX) is absent. This structural 
characteristic is crucial for NOR reaction. Although the overall structure of NOR is closely related to COX, 
neither the D- nor K-proton pathway, which connect the COX active center to the intracellular space, 
was observed. Protons required for the NOR reaction are probably provided from the extracellular side. 


itrous oxide gas (N30) is now the greatest 
threat to the ozone layer and also in- 
duces climate change as a greenhouse 
gas more powerful than carbon dioxide and 
methane (/). Agricultural fertilizers, fossil fuel 


combustion, biomass burning, and animal waste 
contribute to N,O production. However, the 
largest emission source of N»O into the atmo- 
sphere is bacterial breakdown of nitrogen com- 
pounds in soils and in the oceans. Denitrifiers 


perform the step-by-step chemical reduction of 
nitrogen oxides (NO3 and NO; ) to No, produc- 
ing N,O as an intermediate by-product: NO; > 
NO, — NO — N20 — No. The key enzyme in 
N;O production is nitric oxide reductase (NOR), 
which catalyzes the reduction of nitric oxide (NO) 
with two electrons and two protons: 2NO + 2e + 
2H" — N>O + HO. The NOR reaction is also 
of interest to synthetic chemists because it in- 
volves N-O bond cleavage and N-N bond for- 
mation (Scheme 1). Structural and functional 
models of the active site of NOR have been syn- 
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Fig. 3. Correlation between the derived CO from biomass burning (green line) and the sedimentary 
charcoal record compilation in the tropics (30°N—20°S) (red line) (21). The red shaded area represents 
charcoal index measurement uncertainties. The blue shaded area is the same as that in Fig. 2C. Also shown is 
the MOZART-4—simulated CO from biomass burning emission at Scott Base for the modern atmosphere. 
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(NO) to generate a major greenhouse gas, nitrous oxide (N20). Here, we report the crystal structure of 
NOR from Pseudomonas aeruginosa at 2.7 angstrom resolution. The structure reveals details of the 
catalytic binuclear center. The non-heme iron (Feg) is coordinated by three His and one Glu ligands, 
but a His-Tyr covalent linkage common in cytochrome oxidases (COX) is absent. This structural 
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neither the D- nor K-proton pathway, which connect the COX active center to the intracellular space, 
was observed. Protons required for the NOR reaction are probably provided from the extracellular side. 
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thesized (2), and recently a construction of the 
active site of NOR in myoglobin through bio- 
molecular engineering techniques was reported 
(3, 4). In addition, NOR is clinically and pharma- 
ceutically important as well because pathogens 
such as Pseudomonas aeruginosa, which are 
known to be a major opportunistic pathogen that 
causes acute and chronic infection, have NOR 
to detoxify cytotoxic NO produced in anaerobic 
respiration in cystic fibrosis lung (5). Accordingly, 
the molecular mechanism of the NO reduction 
by NOR have been extensively studied through 
chemical, biochemical, and physicochemical tech- 


2e PP 2H 
2NO ——~> N=N —— N20 + HO 
N-Nbond _/ N-O bond 


formation [e) cleavage 


Hyponitrite 


Scheme 1. 


Cytoplasm 


niques (2, 6-8), but a structure of NOR enzyme 
has been lacking. 

Here, we report the structure of CNOR, which 
has a cytochrome c subunit as the electron donor 
for the catalytic reaction at the active center. The 
enzyme was isolated from P. aeruginosa and crys- 
tallized in the presence of the cNOR antibody 
(Fab), which was essential for obtaining high- 
quality crystals (table S1) (9). Compared with the 
amino acid sequences of cCNOR from Paracoccus 
denitrificans and Pseudomonas stutzeri, both of 
which have been comprehensively studied (6, 7), 
the amino acid sequence of P. aeruginosa CNOR 
has 75 and 94% homology, respectively (fig. S1). 
P. aeruginosa cNOR also has five well-conserved 
Glu residues (Glu? > Glu?*, Giu2", Glu?)>, and 
Glu®°) that have been shown to be functionally 
important (/0—/2). In addition, the NO reduction 
activity (433 + 70 uM NO/min/uM enzyme) is 


Heme b 


Fig. 1. (A) Overall structures of cNOR from P. aeruginosa viewed parallel to the membrane. The NorB and 
NorC subunits are shown as ribbon in various colors and white, respectively. Heme c is shown as blue sticks, 
and hemes b and b3 are shown as red sticks. Feg and calcium ions are represented as orange and green 
spheres, respectively. (B) Arrangement of metal centers of cNOR. Distances between redox centers are shown. 
(C) Arrangement of membrane-spanning helices of cNOR viewed from the periplasmic side. Transmembrane 
helices are indicated with Roman numerals. (D) Cytochrome ba3 oxidase from 7. thermophilus (PDB code 
1EHK). Subunit 1 with helices | ~ XII is shown in color. Helix | of subunit 2 and helix | of subunit 3 are shown in 
gray. The position of the K-pathway is marked with an asterisk. 
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comparable, and the spectroscopic properties are 
also identical among the cNORs (/3, /4). 

P. aeruginosa cNOR is an integral membrane 
and iron-containing heterodimeric enzyme con- 
sisting of small (NorC) and large (NorB) subunits 
(Fig. 1). The NorB subunit has 12 a-helices and 
interacts with one a-helix of the NorC subunit. 
These 13 helices span the transmembrane (TM) 
region. The TM domain of the NorB subunit con- 
tains two heme irons in hemes b and 3 and one 
non-heme iron, Feg (Fig. 1B). As predicted (/5), 
three His residues (His°’, His*4”, and His**’) are 
ligands for the two b-type hemes. The globular 
hydrophilic domain of the NorC subunit contains 
heme c, which has His® and Met!” as axial iron 
ligands. Consistent with the previous prediction 
that NOR is an evolutionary progenitor of cyto- 
chrome oxidases, the topology of the TM region 
and the arrangement of the metal centers in cNOR 
are similar to those of cytochrome oxidases, a super- 
family of enzymes that act as the terminal oxidases 
in aerobic respiratory transport chains (Fig. 1C and 
fig. S2) (15, 16). 

Non-heme iron Feg and heme 5b; constitute the 
binuclear center that serves as the catalytic site of 
cNOR (Fig. 2A and fig. $3). For this analysis, 
cNOR was crystallized in a purified ferric resting 
form (fig. S3) (8, 17). Three His residues (His”””, 
His”, and His ) coordinate the non-heme Feg, 
and Glu" also serves as a ligand, as was proposed 
for the homologous Glu'*® in P denitrificans CNOR. 
(4, 10, 18). The Feg site has a slightly distorted 
trigonal-bipyramidal coordination geometry that 
differs from the geometry observed at the Cup 
site in cytochrome oxidase (Fig. 2). The Gh! 
coordination position of Feg in cNOR is occupied 
by a His ligand (His™*) of Cug in cytochrome 
oxidases; this His ligand is covalently attached to a 
highly conserved Tyr residue (Tyr**’ of Thermus 
thermophilus cytochrome oxidase) (fig. S4B) 
(19-21). The carboxylate of the coordinated Glu?" 
is hydrogen-bonded to Glu*®*. Glu?!> and Glu’*®, 
both of which are also conserved Glu residues in 
NORs, are near the binuclear center, indicating a 
large electro-negative environment at the active 
site, as predicted on the basis of resonance Raman 
studies (8). This electro-negative environment results 
in a redox potential of heme b; iron (60 mV) that is 
lower than those of hemes b (345 mV) and c (310 
mV) irons and thus contributes to activation of 
the NO molecule bound to the heme b3 and Feg 
irons (3, 4). In addition, the hydrogen-bonding 
network involving the three Glu residues can serve 
as a terminal proton-donating system to facilitate 
N-O bond cleavage in NO and H,O production 
(0, 12). 

Three possible mechanisms have been pro- 
posed for the reduction of NO by NOR: the trans 
mechanism (8, /4, 22), the cis Fez mechanism 
(23, 24), and the cis heme b3 mechanism (25, 26). 
Because two NO molecules are required for NOR 
reaction, the heme b3 and Feg binuclear pocket 
allows two NO molecules to bind in all three 
proposed mechanisms. This is in sharp contrast 
with the heme a3 and Cug binuclear center of 
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cytochrome oxidases, which can accommodate a 


A His207 B ; single Oy molecule. Slightly larger space near the 
: Hi His233 catalytic binuclear center for substrate-binding is 
His258 is282 Tyr237 : . : 
Glu280 created by the residues of Feg ligand residues and 
His259 : Wat Higane wh hydrophobic residues in CNOR as compared with 
or =f fr ° ; ‘, cytochrome oxidases (fig. S4), although the size 
2.08 Glu211 Z, a ‘ of the space in cNOR is not opened enough to 


19° Glu215 


Lp 
C Diis347 a His384 
“ea Gly321 Gly359 


Fig. 2. (A) Structure of the binuclear center of cNOR. 
Non-heme iron (Fes) is coordinated by Glu2"*, His””, 
His?°®, and His?°’ that are conserved in cNOR. 
Glu*** js involved in hydrogen bond network with 
two ther conserved acidic residues, Glu2?> and 
Glu*®°. The proximal His*’” of heme bs is hydrogen- 
bonded to the carbonyl group of Gly***, as ob- 
served in cytochrome bas or aa3 oxidase. In contrast, 
Glu side chain interacts with proximal His of cbb3 
oxidase, which would increase the reactivity of the 
bound QO. Unlike the O02 complex of oxidase, NO 
complex of cNOR would form the penta-coordinated 


accommodate two NO molecules. This is caused 
by the short distance between the two irons of 
cNOR (3.9 A) in comparison with the distance 
between the heme a3 iron and Cug in cytochrome 
oxidase (4.4 A) and by the ligation of the Glu?!! 
to Feg. When the iron is reduced from the ferric 
state to the ferrous state, the u-oxo ligand disso- 
ciates, and the distance between the two irons 
probably increases. Upon NO binding to reduced 
iron during the catalytic cycle of cNOR, further 
conformational changes of the binuclear center 
and its protein ligands might be required to locate 
the two NO molecules suitable for N-N bond for- 
mation. To study this issue, we need to deter- 
mine structures of cNOR in several oxidation 
and ligand-coordination states. 

The electrons used in the NO reduction are 
donated from cytochrome cs5) to the heme c, which 
ferrous heme b (22). In such a case, highly anionic is covalently attached at Cys®" and Cys in the 
proximal His is not preferred, which is consistent ' globular domain of the NorC subunit (fig. S5). 
with the present structure. (B) Structure of the binuclear center of bas oxidase (PDB code 1XME). Hi? a nd The binding site of cytochrome css; probably 
Tyr?’ are connected by a covalent bond. (C) Coordination structure of calcium and the interaction of the heme overlaps Fab binding site on CNOR (fig. S6) because 
propionates. An anomalous difference Fourier map calculated from the low-energy data set collected at Fab can inhibit cytochrome css-supported NO 
wavelength of 1.9 A is contoured at 5 o and shown as blue mesh. One of the calcium ligands (Glu135) andthe — reduction but not phenazine methosulfate (PMS)- 
residues interacting with the D-ring propionate of heme b; (Asn>*°, His?2”, Gly*“°, and Thr?) are conserved in supported NO reduction (fig. S7 and table S2). 
the amino acid sequence of other cNOR and cbb3 oxidase, whereas cbb3 oxidase structure lacks the interaction | Electrons thus donated are transferred from the 
with Gly or Thr. heme c iron to the heme b iron (20.5 A distance) 


ea) 
Sj= 


Gly340 


Glu135 
Sieeen its x oa 
Hydrophobic hae 
channel win, | Ser27 
Heme ig Wy Glu28 
Fig. 3. (A) The hydrophobic channel (orange surface) connecting the binuclear center Glu211 sale 
and membrane lipid surface is divided into two pathways. Only the NorB subunit is shown aw2rg Ser251 
as ribbon. (B) Two hydrophilic channels (magenta and green surface) at the interface 
between NorC and NorB subunits connect the periplasmic space and calcium site. The ) 


NorC and NorB subunits are shown as blue and white ribbon, respectively. (C) Possible 

pathways for delivering protons and water. Waters observed in the crystal structure are shown as yellow spheres. Residues from NorC and NorB subunits are 
shown as blue and green stick models. The first hydrophilic channel in the subunit interface, represented by a magenta surface in panel (B), starts from Glu?’ and 
ends at the propionate of heme b3. Seven waters are observed in this channel and generate the hydrogen-bonding network involving the side chains of the 
residues (Lys°? and Glu?” of NorC and Glu*?° and Asp?”® of NorB) that are highly conserved in cNOR. The second hydrophilic channel between Gly?“° and the 
heme c propionate, shown as a green surface in (B), contains nine waters that interact with the main chain carbonyl group or the side chain of the conserved 
residues. This hydrogen-bonding network is separated by 8.0 A from another network involving the Fes ligand Glu221, 
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through the NorC/NorB interface (fig. S8). The 
iron-to-iron distance between the hemes b and b, 
in cNOR is 14.1 A, which is comparable with 
that between hemes a and a3; in cytochrome 
oxidase, and Gly** is present between the two 
hemes in cNOR (Fig. 1B) in place of conserved 
Phe on cytochrome oxidases (/9). A calcium ion 
(Ca) was identified in cNOR (Fig. 2C, fig. $2, 
and table S3) at the same position of micro- 
aerobic respiratory enzyme, cbb3 oxidase (27). 
Because the plausible electron transfer pathway 
in cNOR (figs. S8 and S9) from the heme c to the 
binuclear center (heme b3 and Feg) appears 
similar to the pathway from Cu, to heme a in 
cytochrome oxidases (19, 2/7, 28), Ca possibly 
acts as a factor maintaining protein and heme 
structures suitable for the intramolecular elec- 
tron transfer. 

In the proposed mechanism of NO reduction 
(8, 14, 22-26), a hyponitrite ( ONNO ) is plausibly 
formed as a transient species after the N-N bond 
formation between the two bound NO molecules 
(Scheme 1). To facilitate N-O bond cleavage of the 
transient species to produce N2O and H,0, pro- 
tons must be transferred from bulk water to the 
buried active site, possibly through a water chan- 
nel and a hydrogen-bonding network. We iden- 
tified two channels extending from the NorB/NorC 
interface to the periplasmic side of the enzyme 
(Fig. 3B), which connect the bulk water and the 
catalytic center of the enzyme through a possible 
hydrogen-bonding network (Fig. 3C). Although 
a long gap between Thr*”° and the propionate of 
heme b; (8.0 A) is observed in the channels and 
hydrogen-bonding network, introduction of one 
or two water molecules in the gap would facil- 
itate proton transfer to the binuclear center through 
Glu", Glu?!9, and Glu?®°. A branched hydropho- 
bic channel extending from the binuclear center 
to the surface in the membrane-spanning region 
that could provide a means of NO entry was iden- 
tified (Fig. 3, orange), but neither an obvious 
channel nor a hydrogen-bonding network from the 
active site of the cNOR to the cytoplasmic region 
was identified (Fig. 4), which is in sharp contrast 


Fig. 4. Residues of 
cNOR corresponding to 
the (A) K-pathway and 
(B) D-pathway of cyto- 
chrome aa3 oxidase are 
mostly hydrophobic. The 
main chain of NorC and 
NorB subunits is shown 
as blue and green ribbons, 
respectively. Comparisons 
with the residues of cbb3, 
aa3, or ba3 oxidase in the 
same region are shown in 
fig. S11. 
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to the K- and the D-channel of cytochrome oxi- 
dases, which are considered as possible proton 
transfer channels (/9-2/). 

In 1985, the first data showing that the pro- 
tons required for NO reduction are supplied from 
the periplasmic space were obtained from whole- 
cell measurements (29). Membrane potential mea- 
surements of Rhodobacter capsulatus by using 
endogenous carotenoid pigments indicated that 
the NOR reaction is not electrogenic (30). Since 
then, extensive evidence including electrochem- 
ical, biochemical, and flow-flash kinetic data have 
been obtained, all of which unambiguously indi- 
cate that electrons and protons are supplied from 
the periplasmic space. Therefore, we propose that 
the channels and hydrogen-bonding network iden- 
tified in the P. aeruginosa cNOR structure serve 
as the pathway for proton transfer in the catalytic 
reduction of NO at the binuclear center. Asp!”* 
(NorB) and Glu°’ (NorC) at the protein surface 
are probably the proton entry site, because both 
acidic residues are highly conserved in NORs 
(fig. S1). 

Glu!* in P. aeruginosa CNOR, which is one 
of the conserved Glu residues (fig. S10), partic- 
ipates in the formation of the proposed proton 
transfer network (Fig. 3C). This is consistent with 
the proposal by Reimann et al. for the corre- 
sponding Glu'*? in P. denitrificans CNOR (31). 
Glu'*> also serves as a Ca ligand (Fig. 2C), 
suggesting that it is a key residue in determining 
the structural and functional properties of cNOR. 
Indeed, Flock et al. reported that upon mutation 
of Glu'” in P. denitrificans CNOR, the NO re- 
duction activity was significantly decreased (//). 
This mutation effect might be caused by Ca dis- 
sociation, disturbance of electron transfer between 
the hemes, and disturbance of proton transfer to 
the binuclear center. 

Similarity in the overall structure, the hydrogen- 
bond network from heme b3 propionate to peri- 
plasmic space, metal configuration, and Ca ligation 
between cNOR and cbb3 oxidase suggests that 
two enzymes are very close in the phylogenetic 
tree, although it does not necessarily support the 
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notion that aerobic respiration evolved from ni- 
trate respiration. Structural differences of the bi- 
nuclear center, however, provide insight into 
conversion of the chemical reactivity of the en- 
zymes from the NO reduction to the O, reduc- 
tion. The Glu?!! in cNOR is a better ligand for 
Fe, whereas the His-Tyr covalent bond in cyto- 
chrome oxidases would restrain the geometry of 
non-heme metal to a more planar form that is 
favorable for Cu atom coordination. Thus, the 
amino acid substitution determines the selectivity 
of non-heme metal, which could lead to the con- 
version of respiratory substrate. This functional 
conversion of respiratory enzyme must have played 
a key role in the evolution of life to adjust to the 
environmental change of earth. 

Considering the regions of cNOR that corre- 
spond to the K- and D-proton—pumping path- 
ways proposed for cytochrome oxidases (Fig. 4), 
there are many hydrophobic residues, but neither 
an obvious channel nor a hydrogen-bonding net- 
work can be identified (comparison with cyto- 
chrome oxidases is shown in fig. S11), indicating 
no connection between the cytoplasm and peri- 
plasm (32). This observation is consistent with the 
absence of proton-pumping ability of NOR. How- 
ever, near the terminal proton donor Glu*!’, CNOR 
contains a small charged region generated by 
Glu?'>, Glu**°, and water (Fig. 4A) that partly 
overlaps with the K-pathway of cytochrome oxi- 
dases. This region of cCNOR might reflect the first 
step in the evolution to acquire a proton de- 
livery pathway from cytoplasm to the binuclear 
center. Indeed, in the structure of cbb3 oxidase 
(27) the proton permeable route between the 
active site and cytoplasm is found at the region 
equivalent to the K-pathway, whereas the puta- 
tive D-pathway is blocked by hydrophobic resi- 
dues. Further structural, biochemical, and chemical 
studies that are based on the structural character- 
ization of cNOR and cbb; oxidase are expected 
to elucidate the evolutionary history of the heme 
copper oxidase superfamily. 
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Greatwall Phosphorylates an Inhibitor 
of Protein Phosphatase 2A That Is 


Essential for Mitosis 


Satoru Mochida,”? Sarah L. Maslen,? Mark Skehel,? Tim Hunt?* 


Entry into mitosis in eukaryotes requires the activity of cyclin-dependent kinase 1 (Cdk1). 

Cdk1 is opposed by protein phosphatases in two ways: They inhibit activation of Cdk1 by 
dephosphorylating the protein kinases Weel and Myt1 and the protein phosphatase Cdc25 

(key regulators of Cdk1), and they also antagonize Cdk1’s own phosphorylation of downstream 
targets. A particular form of protein phosphatase 2A (PP2A) containing a B556 subunit 
(PP2A-B555) is the major protein phosphatase that acts on model CDK substrates in Xenopus 
egg extracts and has antimitotic activity. The activity of PP2A-B556 is high in interphase and low 
in mitosis, exactly opposite that of Cdk1. We report that inhibition of PP2A-B556 results from 

a small protein, known as a-endosulfine (Ensa), that is phosphorylated in mitosis by the protein 
kinase Greatwall (Gwl). This converts Ensa into a potent and specific inhibitor of PP2A-B555. 
This pathway represents a previously unknown element in the control of mitosis. 


quires that a large number of proteins be 

phosphorylated to bring about processes 
such as nuclear-envelope breakdown, chromo- 
some condensation, and spindle assembly (/). 
Cyclin-dependent kinase 1 (Cdk1)-cyclin B, also 
called maturation-promoting factor (MPF), is the 
main (but not the sole) protein kinase that cat- 
alyzes these modifications (2). The activation of 
MPF requires that Cdce25, a phosphatase for the 
phospho-Tyr' residue of Cdk1, is active, where- 
as Weel and Mytl, the protein kinases that phos- 
phorylate Tyr'°, must be turned off. This is 
achieved by multisite phosphorylation of Cdc25, 
Weel, and Myt! (3-5), mainly catalyzed by MPF 
itself (6), and is opposed by protein phosphatase 
2A (PP2A)}-B556 (PP2A-B558) (7). This form 
of PP2A is a major phosphatase for model CDK 
substrates (8), and depletion of PP2A-B556 ac- 


Peis from interphase to mitosis re- 
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celerates mitotic progression in Xenopus extracts 
(8), partly by promoting the activity of Cdc25 
and the inactivity of Weel and Myt1, and partly 
by reducing antagonizing phosphatase activity 
against the substrates of CDKs and other mitotic 
kinases (9). Crucially, the activity of PP2A-B556 
fluctuates during the cell cycle, being high in in- 
terphase and low in mitosis (/0). This presum- 
ably accentuates the switchlike behavior of the 
system; when a kinase is active, the opposing 
phosphatase is inactive and vice versa. This be- 
havior also avoids futile cycles. But how PP2A- 
B556 phosphatase is regulated was not known. 
An important clue to the control of PP2A- 
B556 has recently emerged from studies of the 
protein kinase Greatwall (Gwl) (//). In Xenopus 
egg extracts, Gwl is activated in mitosis and is 
essential for both entry into mitosis and mainte- 
nance of the mitotic state (//). Gwl apparently 
promotes mitosis by inactivating PP2A (9, /2). 
We were unable to detect substantial phospho- 
rylation of the components of PP2A-B556 in vi- 
tro (13); hence, we suspected that Gwl might 
instead act by phosphorylating and activating 
some as-yet unidentified PP2A-B558-specific in- 


hibitor protein. We therefore searched for Gwl 
substrates with the KESTREL (kinase substrate 
tracking and elucidation) method (/4) in which 
active Gwl was incubated with extracts contain- 
ing potential substrates, under conditions where 
endogenous protein kinase activity was suppressed. 
Several proteins in interphase egg extracts were 
phosphorylated by Gwl (Fig. 1A), and two prom- 
inent substrates of small apparent molecular size 
(arrows in Fig. 1A) were heat stable (/5). The 
boiled extract was fractionated on a Mono-Q 
column, and fractions containing the major sub- 
strate were analyzed by mass spectrometry. We 
detected about 80 different Xenopus proteins, but 
no Gwl-dependent phosphorylated peptides 
emerged from the analysis. Thus, we choose 29 
proteins with molecular sizes between 10 and 30 
kD from the list and expressed them in bacteria 
(Fig. 1B). Seventeen of them were soluble after 
boiling, and these proteins were further tested as 
substrates for Gwl in vitro. One protein—cyclic 
adenosine monophosphate (cAMP)-regulated 
phosphoprotein-19 (Arpp-19)—was a better sub- 
strate for Gwl than any of the others (Fig. 1B, 
lane 22). Arpp-19 is a major substrate for cAMP- 
activated protein kinase (PKA) in postsynap- 
tic neurons (/6). Arpp-19 is a close relative of 
a-endosulfine (Fig. 1C), which was identified as 
an endogenous ligand of sulfonylurea receptor 
K" channels in the pancreas (/7), although this 
idea seems to have been abandoned by its original 
proponents (/8). Recombinant endosulfine (Ensa), 
like Arpp-19, was a good substrate for Gwl. Sub- 
stitution of alanine for all of the potential conserved 
phosphorylation sites in Arpp-19 and Ensa (11 in 
the former and 7 in the latter) abolished phospho- 
rylation by Gwl (Fig. 1D and fig. $1). In contrast, 
mutants of Arpp-19 and of Ensa that retained Ser®” 
in the highly conserved sequence FDSGDY (/9) 
were phosphorylated by Gwl to a similar degree 
as the wild-type (WT) proteins. Because these pro- 
teins also have conserved CDK (S/T-P-X-K/R) 
and PKA (K/R-K/R-X-S/T) consensus sites, we 
tested to see whether they were substrates for these 
kinases in vitro. Indeed, Ser?® of Arpp-19 and 
Thr’* of Ensa were strongly phosphorylated by 
Cdk2-cyclin A (and Thr” residues of both pro- 
teins phosphorylated weakly). Ser'” of both pro- 


17 DECEMBER 2010 VOL 330 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on December 16, 2010 


REPORTS 


1670 


15. M. Saraste, J. Castresana, FEBS Lett. 341, 1 (1994). 

16. J. van der Oost et al., FEMS Microbiol. Lett. 121, 
1 (1994). 

17. P. Moenne-Loccoz et al., J. Am. Chem. Soc. 122, 9344 
(2000). 

18. K. L. Grénberg et al., Biochemistry 38, 13780 (1999). 

19. S. Iwata, C. Ostermeier, B. Ludwig, H. Michel, Nature 
376, 660 (1995). 

20. T. Soulimane et al., EMBO J. 19, 1766 (2000). 

21. T. Tsukihara et al., Science 272, 1136 (1996). 

22. H. Kumita et al., J. Biol. Chem. 279, 55247 (2004). 

23. R. W. Ye, B. A. Averill, J. M. Tiedje, Appl. Environ. 
Microbiol. 60, 1053 (1994). 

24. C. S. Butler, H. E. Seward, C. Greenwood, A. J. Thomson, 
Biochemistry 36, 16259 (1997). 

25. L. M. Blomberg, M. R. Blomberg, P. E. Siegbahn, 
Biochim. Biophys. Acta 1757, 240 (2006). 

26. P. Moénne-Loccoz, Nat. Prod. Rep. 24, 610 (2007). 


27. S. Buschmann et al., Science 329, 327 (2010). 

28. J. J. Regan, B. E. Ramirez, J. R. Winkler, H. B. Gray, 

B. G. Malmstrom, J. Bioenerg. Biomembr. 30, 35 

(1998). 

29. J. P. Shapleigh, W. J. Payne, J. Bacteriol. 163, 837 

(1985). 

30. L.C. Bell, D. J. Richardson, S. J. Ferguson, J. Gen. Microbiol. 

138, 437 (1992). 

31. J. Reimann, U. Flock, H. Lepp, A. Honigmann, 

P. Adelroth, Biochim. Biophys. Acta 1767, 362 

(2007). 

32. J. Hemp, H. Han, J.-H. Roh, S. Kaplan, Biochemistry 46, 
9963 (2007). 

33. Atomic coordinates and structure factors have been 
deposited to the Protein Data Bank (PDB) with code 300R. 
We thank T. Tosha for measurements of the enzymatic 
activity of cCNOR under various conditions and the staff of 
the SPring-8 beamlines for their help with diffraction 


measurements. S.N., H.S., and Y.S. are supported by grants 
from the Ministry of Education, Culture, Sports, Science and 
Technology (MEXT), and Y.S. also acknowledges financial 
support from the Structural Biology and Molecular Ensemble 
projects of RIKEN. A part of this work was also supported by 
a grant from the ERATO IWATA Human Receptor 
Crystallography Project from the Japan Science and 
Technology Agency. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/science.1195591/DC1 
Materials and Methods 

Figs. $1 to $11 

Tables $1 to $3 

References 


26 July 2010; accepted 1 November 2010 
Published online 25 November 2010; 
10.1126/science.1195591 


Greatwall Phosphorylates an Inhibitor 
of Protein Phosphatase 2A That Is 


Essential for Mitosis 


Satoru Mochida,”? Sarah L. Maslen,? Mark Skehel,? Tim Hunt?* 


Entry into mitosis in eukaryotes requires the activity of cyclin-dependent kinase 1 (Cdk1). 

Cdk1 is opposed by protein phosphatases in two ways: They inhibit activation of Cdk1 by 
dephosphorylating the protein kinases Weel and Myt1 and the protein phosphatase Cdc25 

(key regulators of Cdk1), and they also antagonize Cdk1’s own phosphorylation of downstream 
targets. A particular form of protein phosphatase 2A (PP2A) containing a B556 subunit 
(PP2A-B555) is the major protein phosphatase that acts on model CDK substrates in Xenopus 
egg extracts and has antimitotic activity. The activity of PP2A-B556 is high in interphase and low 
in mitosis, exactly opposite that of Cdk1. We report that inhibition of PP2A-B556 results from 

a small protein, known as a-endosulfine (Ensa), that is phosphorylated in mitosis by the protein 
kinase Greatwall (Gwl). This converts Ensa into a potent and specific inhibitor of PP2A-B555. 
This pathway represents a previously unknown element in the control of mitosis. 


quires that a large number of proteins be 

phosphorylated to bring about processes 
such as nuclear-envelope breakdown, chromo- 
some condensation, and spindle assembly (/). 
Cyclin-dependent kinase 1 (Cdk1)-cyclin B, also 
called maturation-promoting factor (MPF), is the 
main (but not the sole) protein kinase that cat- 
alyzes these modifications (2). The activation of 
MPF requires that Cdce25, a phosphatase for the 
phospho-Tyr' residue of Cdk1, is active, where- 
as Weel and Mytl, the protein kinases that phos- 
phorylate Tyr'°, must be turned off. This is 
achieved by multisite phosphorylation of Cdc25, 
Weel, and Myt! (3-5), mainly catalyzed by MPF 
itself (6), and is opposed by protein phosphatase 
2A (PP2A)}-B556 (PP2A-B558) (7). This form 
of PP2A is a major phosphatase for model CDK 
substrates (8), and depletion of PP2A-B556 ac- 


Peis from interphase to mitosis re- 
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celerates mitotic progression in Xenopus extracts 
(8), partly by promoting the activity of Cdc25 
and the inactivity of Weel and Myt1, and partly 
by reducing antagonizing phosphatase activity 
against the substrates of CDKs and other mitotic 
kinases (9). Crucially, the activity of PP2A-B556 
fluctuates during the cell cycle, being high in in- 
terphase and low in mitosis (/0). This presum- 
ably accentuates the switchlike behavior of the 
system; when a kinase is active, the opposing 
phosphatase is inactive and vice versa. This be- 
havior also avoids futile cycles. But how PP2A- 
B556 phosphatase is regulated was not known. 
An important clue to the control of PP2A- 
B556 has recently emerged from studies of the 
protein kinase Greatwall (Gwl) (//). In Xenopus 
egg extracts, Gwl is activated in mitosis and is 
essential for both entry into mitosis and mainte- 
nance of the mitotic state (//). Gwl apparently 
promotes mitosis by inactivating PP2A (9, /2). 
We were unable to detect substantial phospho- 
rylation of the components of PP2A-B556 in vi- 
tro (13); hence, we suspected that Gwl might 
instead act by phosphorylating and activating 
some as-yet unidentified PP2A-B558-specific in- 


hibitor protein. We therefore searched for Gwl 
substrates with the KESTREL (kinase substrate 
tracking and elucidation) method (/4) in which 
active Gwl was incubated with extracts contain- 
ing potential substrates, under conditions where 
endogenous protein kinase activity was suppressed. 
Several proteins in interphase egg extracts were 
phosphorylated by Gwl (Fig. 1A), and two prom- 
inent substrates of small apparent molecular size 
(arrows in Fig. 1A) were heat stable (/5). The 
boiled extract was fractionated on a Mono-Q 
column, and fractions containing the major sub- 
strate were analyzed by mass spectrometry. We 
detected about 80 different Xenopus proteins, but 
no Gwl-dependent phosphorylated peptides 
emerged from the analysis. Thus, we choose 29 
proteins with molecular sizes between 10 and 30 
kD from the list and expressed them in bacteria 
(Fig. 1B). Seventeen of them were soluble after 
boiling, and these proteins were further tested as 
substrates for Gwl in vitro. One protein—cyclic 
adenosine monophosphate (cAMP)-regulated 
phosphoprotein-19 (Arpp-19)—was a better sub- 
strate for Gwl than any of the others (Fig. 1B, 
lane 22). Arpp-19 is a major substrate for cAMP- 
activated protein kinase (PKA) in postsynap- 
tic neurons (/6). Arpp-19 is a close relative of 
a-endosulfine (Fig. 1C), which was identified as 
an endogenous ligand of sulfonylurea receptor 
K" channels in the pancreas (/7), although this 
idea seems to have been abandoned by its original 
proponents (/8). Recombinant endosulfine (Ensa), 
like Arpp-19, was a good substrate for Gwl. Sub- 
stitution of alanine for all of the potential conserved 
phosphorylation sites in Arpp-19 and Ensa (11 in 
the former and 7 in the latter) abolished phospho- 
rylation by Gwl (Fig. 1D and fig. $1). In contrast, 
mutants of Arpp-19 and of Ensa that retained Ser®” 
in the highly conserved sequence FDSGDY (/9) 
were phosphorylated by Gwl to a similar degree 
as the wild-type (WT) proteins. Because these pro- 
teins also have conserved CDK (S/T-P-X-K/R) 
and PKA (K/R-K/R-X-S/T) consensus sites, we 
tested to see whether they were substrates for these 
kinases in vitro. Indeed, Ser?® of Arpp-19 and 
Thr’* of Ensa were strongly phosphorylated by 
Cdk2-cyclin A (and Thr” residues of both pro- 
teins phosphorylated weakly). Ser'” of both pro- 
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teins was the major site targeted by PKA (Fig. 1D 
and fig. S1A) (20). 

We raised antibodies against Arpp-19 and 
Ensa in rabbits and used them to measure the 


concentrations of Arpp-19 and Ensa in Xenopus 
egg extracts. Arpp-19 was hardly detectable, 
despite its presence in the original mass spectro- 
metric analysis. On the other hand, Ensa was 
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Fig. 1. Ensa and ARPP-19 are substrates of Gwl. (A) Phosphorylation of two small proteins in Xenopus 
interphase egg extract to which Gwl was added. Coomassie blue staining (right) and autoradiography 
(left). The positions of the two candidates and of Gwl are indicated with arrows and an arrowhead, 
respectively. (B) In vitro phosphorylation of candidate substrates by Gwl. Lanes marked “Mw” are mo- 
lecular size markers. (C) Sequence alignment of X. laevis Ensa and Arpp-19. Conserved residues are shown 
in red. (D) In vitro phosphorylation of Ensa by Gwl. WT Ensa and mutants were phosphorylated by Gwl 
kinase (top), CDK (middle), or PKA (bottom). In the 7A mutant, Ser’, Thr2°, Ser®?, Ser®”, Thr??, Thr?”, and 
Ser?°? of Ensa were all substituted by alanine. In the 6A mutants, one of these seven residues was restored 
to its original state as indicated. 
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in Xenopus interphase egg extract. Fractions bound to (lanes 5 to 7) and not retained by (lanes 2 to 4) Ensa 
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present at ~150 to 300 nM in egg extracts, in 
excess of PP2A-B556, whose concentration we 
measured at ~50 to 70 nM. 

We tested whether Ensa affected the phos- 
phatase activity of PP2A-B556. Although de- 
phosphorylated Ensa did not inhibit any form of 
PP2A, Ensa phosphorylated by Gwl strongly 
inhibited the PP2A-B556 heterotrimer holocom- 
plex (Fig. 2A), but not the monomeric catalytic 
subunit or the dimer comprising the A scaffold 
and C catalytic subunits (AC). Phosphorylation 
of Ensa by CDK or PKA alone did not generate 
any inhibitory activity against PP2A-B556. Sim- 
ilar results were obtained for Arpp-19 (fig. S1B). 
These results indicate that Arpp-19 and Ensa are 
converted into inhibitors of PP2A-B556 by phos- 
phorylation on Ser®’. 

We tested the specificity of Ensa’s interactions 
with various forms of PP2A and other protein 
phosphatases by making affinity matrices cova- 
lently conjugated with Ensa. Gwl-phosphorylated 
Ensa strongly bound PP2A-B556 from interphase 
egg extracts, but no other B subunits, nor the PP1 
or PPS catalytic subunit, were retained by Ensa 
beads (Fig. 2B). Mock- and PKA-phosphorylated 
Ensa bound PP2A-B556 only weakly. These re- 
sults suggest that Ensa inhibits PP2A-B556 by a 
Ser®” phosphorylation-dependent physical inter- 
action, which makes it a highly specific inhibitor 
of PP2A-B556. Neither Ensa nor Arpp-19 
inhibited PP1, regardless of their phosphorylation 
state (fig. S1C). 

Antibodies specific for phospho-Ser®’ reacted 
with Ensa in mitotic extracts much more strong- 
ly than in interphase extracts (Fig. 3A). Using 
Phos-Tag acrylamide gels, which specifically re- 
tard phosphorylated proteins (2/), we confirmed 
that the majority of Ensa became phosphoryl- 
ated in mitotic extracts (Fig. 3A) and that Ser®” 
was required for the observed phosphorylation- 
dependent shift in migration on polyacrylamide 
gel electrophoresis (Fig. 3A). These results show 
that Ensa is quantitatively phosphorylated at its 
Ser®” residue in mitosis, which leads to the in- 
hibition of PP2A-B556. The timing of Ensa phos- 
phorylation in relation to that of a number of 
other cell-cycle markers is shown in fig. S2. The 
phosphorylation of anaphase-promoting com- 
plex 3 (Apc3), Cdce25, Weel, and Gwl all took 
place at the same time at the resolution of this 
experiment. 

We tested the effects of Ensa depletion on 
“cycling” frog egg extracts (22, 23). In this ex- 
periment, the control (Fig. 3C) performed two 
cycles of entry into and exit from mitosis, where- 
as the Ensa-depleted extract (Fig. 3D) never en- 
tered M phase, despite larger amounts of histone 
H1 kinase activity than in the control. Apc3 was 
never fully phosphorylated, and mitotic phos- 
phoproteins showed only slightly increased 
intensity (fig. S3C). Cyclin destruction was not 
activated in the Ensa-depleted extract. Adding 
back WT recombinant Ensa to depleted extracts 
restored induction of mitosis (Fig. 3E), whereas 
the Ser®’—Ala®’ (S67A) mutant protein did not 
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(fig. S3A), indicating that residue Ser®’ of Ensa 
is crucial for proper cell-cycle control. Tyr’* of 
Cdk1 was dephosphorylated in all three condi- 
tions, but in the Ensa-depleted extract, Tyr! re- 
mained dephosphorylated for the duration of the 
incubation, whereas in the controls, Tyr was re- 
phosphorylated. This experiment implies that 
the main effect of not inhibiting PP2A-B556 is 
in antagonizing Cdk1 phosphorylation of down- 
stream target proteins, rather than on the control 
of Cdk1 activity. Somehow, Cdc25 or an equiv- 
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alent activity that dephosphorylated Tyr'> was ac- 
tivated in the Ensa-depleted extract, yet despite 
strong histone H1 kinase activity, the extract failed 
to enter mitosis. 

We tested the results of adding thiophos- 
phorylated Ensa to egg extracts. Supplemental 
fig. S4 shows that when extra Ensa was added to 
interphase extracts supplemented with cyclohex- 
imide and a small amount of recombinant stable 
cyclin B (not enough to induce mitosis by itself), 
phosphorylation events typical of mitotic extracts 
were induced when GwI-thiophosphorylated Ensa 
was added. Dephosphorylated Ensa or Ensa thio- 
phosphorylated by PKA did not show any effect. 
These results are all consistent with the idea that 
Gwil inhibits PP2A-B555 by phosphorylating Ensa, 
thereby both activating Cdk1 (by inhibiting Weel 
and turning on Cde25) and allowing Cdk1 to ef- 
ficiently phosphorylate its target proteins in mitosis 
by suppressing the activity of the main opposing 
protein phosphatase. 

In this paper, we identify Ensa and Arpp-19 
as phosphorylation-dependent inhibitors of PP2A- 
B556 and physiological substrates of Gwl kinase. 
In Drosophila, Ensa is required for proper spindle 
assembly and oocyte maturation; endosulfine- 
deficient oocytes are unable to pass between pro- 
phase of first meiosis into metaphase (24-26). 
Tellingly, these oocytes have high Cdk1 activity 
yet display little phosphorylation of mitotic sub- 
strates, exactly as we observed in Xenopus ex- 


tracts, consistent with a failure to shut off protein 
phosphatase(s) upon entry into M phase (25). 
The Gwl-Arpp-Ensa module appears to be active 
in human cells, because reduction of Gwl levels 
by RNA interference blocks cells in G2 phase of 
the cell cycle (27). 

It is still difficult to understand the details of 
how gradually accumulating cyclin levels are 
converted into the sharp activation of MPF at the 
G,-to-M transition. Gwl appears to require acti- 
vation by MPF (//), and once it is turned on, it 
phosphorylates Ensa, which, in turn, switches off 
PP2A-B556 (Fig. 4). This promotes the activa- 
tion of MPF by increasing phosphorylation of 
Weel, Mytl, and Cdc25, and it also assists entry 
into mitosis by reducing the dephosphorylation 
of MPF targets. This is an example of a “coherent 
feed-forward loop” (28), because Cdk1 phos- 
phorylates its own activation module in a positive 
feedback loop, it phosphorylates its mitotic target 
proteins, and it indirectly inactivates the antago- 
nizing protein phosphatase by activating Gwl and 
the downstream phosphatase inhibitor Ensa. Clear- 
ly, once this system is active, the cell switches 
completely into mitosis in a kind of latch mech- 
anism. Thus, both Gwl and Ensa are essential for 
the maintenance of the mitotic state, implying 
that inhibition of protein phosphatases is critical- 
ly important for this process. How the return to 
interphase is brought about is unclear. When cy- 
clins are degraded and Cdk! levels fall, Gwl and 
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Ensa are dephosphorylated, presumably by pro- 
tein phosphatase(s) other than PP2A-B556, such 
as PP1 (29, 30). The threshold for activation of 
GwIl and entry into mitosis depends on the ba- 
lance of activities of these as-yet unidentified 
phosphatases and that of MPF. 
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The Substrate of Greatwall Kinase, 
Arpp19, Controls Mitosis by Inhibiting 
Protein Phosphatase 2A 


Aicha Gharbi-Ayachi,” Jean-Claude Labbé,* Andrew Burgess,’ Suzanne Vigneron,” 
Jean-Marc Strub,” Estelle Brioudes,? Alain Van-Dorsselaer,” Anna Castro,‘*¢ Thierry Lorca?*t 


Initiation and maintenance of mitosis require the activation of protein kinase cyclin B—Cdc2 
and the inhibition of protein phosphatase 2A (PP2A), which, respectively, phosphorylate and 
dephosphorylate mitotic substrates. The protein kinase Greatwall (Gwl) is required to maintain 
mitosis through PP2A inhibition. We describe how Gwl activation results in PP2A inhibition. 
We identified cyclic adenosine monophosphate—regulated phosphoprotein 19 (Arpp19) and 
a-Endosulfine as two substrates of Gwl that, when phosphorylated by this kinase, associate with 
and inhibit PP2A, thus promoting mitotic entry. Conversely, in the absence of Gwl activity, Arpp19 
and a-Endosulfine are dephosphorylated and lose their capacity to bind and inhibit PP2A. 
Although both proteins can inhibit PP2A, endogenous Arpp19, but not a-Endosulfine, is 
responsible for PP2A inhibition at mitotic entry in Xenopus egg extracts. 


itotic entry and exit are controlled by 
Meee and inactivation of the cyclin 
B-Cdc2 protein kinase (/). However, 
maintained phosphorylation of mitotic proteins 
also requires inhibition of the protein phospha- 
tase 2A (PP2A), the main phosphatase that de- 
phosphorylates mitotic substrates (although a role 
of protein phosphatase 1 has also been reported 
in Xenopus egg extracts) (2-5). 
The protein kinase Greatwall regulates PP2A 
activity during mitosis (2, 4, 6). Depletion of Gwl 
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from mitotic egg extracts induces mitotic exit, 
whereas depletion of Gwl from interphase egg 
extracts prevents mitotic entry (2-4). These pheno- 
types, as well as the phenotypes observed in Gwl 
knockdown human cells (6), are mediated by 
PP2A. Although Gwl and PP2A do interact, di- 
rect phosphorylation of PP2A by this kinase has 
not been observed (2, 4), suggesting that Gwl 
may inhibit PP2A through an intermediary pro- 
tein. We used biochemical fractionation of cyto- 
static factor (CSF) meiotic arrested Xenopus egg 
extracts and in vitro phosphorylation by Gwl to 
identify substrates of this kinase. 

We fractionated proteins from interphase ex- 
tracts on a heparin column. Eluted proteins were 
precipitated with ammonium sulfate (50 to 70%), 
resuspended, and fractionated by gel filtration. 
Samples from the fractions were phosphoryl- 
ated in vitro with a hyperactive form of human 
Gwl (K72M mutant) (7), and the phosphoryl- 


ated bands were analyzed by mass spectrometry. 
Maximal phosphorylation was observed in the 
gel filtration fractions corresponding to molec- 
ular sizes of 30 to 70 kD (Fig. 1A, fraction 3) and 
20 to 50 kD (Fig. 1A, fraction 4). These two 
fractions increased phosphorylation of a band 
of 20 kD. Forty different proteins were detected 
in this band by mass spectrometry, among them 
the cyclic adenosine monophosphate-regulated 
phosphoprotein 19 (Arpp19), a protein that strong- 
ly resembles the small protein o-Endosulfine. The 
functions of Arpp19 and a-Endosulfine are un- 
clear (8, 9); however, oocytes from Drosophila 
with mutant o-Endosulfine have a prolonged pro- 
phase and fail to progress to metaphase (/0). Cdc2 
isolated from these oocytes has normal kinase 
activity, but the oocytes show a reduced amount 
of in vivo phosphorylation of mitotic substrates, a 
phenotype reminiscent of the one observed in 
Gwl-depleted Xenopus egg extracts (4). Although 
by mass spectrometry we identified peptides spe- 
cific to Arpp19 but not for o-Endosulfine (fig. S1), 
their sequence similarity indicates that both may 
be Gwl substrates. We therefore tested glutathione 
S-transferase fusion proteins made from Arpp19 
and o-Endosulfine, as possible substrates of Gwl. 
Both proteins were phosphorylated in vitro by Gwl 
(Fig. 1B). The endogenous proteins were present 
in small amounts in Xenopus egg extracts, partic- 
ularly Arpp19, which was very difficult to detect 
(Fig. 1C). The analysis of the protein sequences 
of Arpp19 and a-Endosulfine revealed the pres- 
ence of seven potential serine or threonine phos- 
phorylation sites conserved in both proteins (Fig. 
1D). We made individual mutants of Arpp19 
in which serine (S) or threonine (T) was mutated 
to alanine (A) and tested whether they were phos- 
phorylated in vitro by Gwl. All mutants were 
phosphorylated by Gwl except mutant S62A. Sim- 
ilarly, mutation of this conserved serine of human 
a-Endosulfine to alanine (S67A) also prevented 
the phosphorylation of this protein by Gwl (Fig. 
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Ensa are dephosphorylated, presumably by pro- 
tein phosphatase(s) other than PP2A-B556, such 
as PP1 (29, 30). The threshold for activation of 
GwIl and entry into mitosis depends on the ba- 
lance of activities of these as-yet unidentified 
phosphatases and that of MPF. 
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The Substrate of Greatwall Kinase, 
Arpp19, Controls Mitosis by Inhibiting 
Protein Phosphatase 2A 


Aicha Gharbi-Ayachi,” Jean-Claude Labbé,* Andrew Burgess,’ Suzanne Vigneron,” 
Jean-Marc Strub,” Estelle Brioudes,? Alain Van-Dorsselaer,” Anna Castro,‘*¢ Thierry Lorca?*t 


Initiation and maintenance of mitosis require the activation of protein kinase cyclin B—Cdc2 
and the inhibition of protein phosphatase 2A (PP2A), which, respectively, phosphorylate and 
dephosphorylate mitotic substrates. The protein kinase Greatwall (Gwl) is required to maintain 
mitosis through PP2A inhibition. We describe how Gwl activation results in PP2A inhibition. 
We identified cyclic adenosine monophosphate—regulated phosphoprotein 19 (Arpp19) and 
a-Endosulfine as two substrates of Gwl that, when phosphorylated by this kinase, associate with 
and inhibit PP2A, thus promoting mitotic entry. Conversely, in the absence of Gwl activity, Arpp19 
and a-Endosulfine are dephosphorylated and lose their capacity to bind and inhibit PP2A. 
Although both proteins can inhibit PP2A, endogenous Arpp19, but not a-Endosulfine, is 
responsible for PP2A inhibition at mitotic entry in Xenopus egg extracts. 


itotic entry and exit are controlled by 
Meee and inactivation of the cyclin 
B-Cdc2 protein kinase (/). However, 
maintained phosphorylation of mitotic proteins 
also requires inhibition of the protein phospha- 
tase 2A (PP2A), the main phosphatase that de- 
phosphorylates mitotic substrates (although a role 
of protein phosphatase 1 has also been reported 
in Xenopus egg extracts) (2-5). 
The protein kinase Greatwall regulates PP2A 
activity during mitosis (2, 4, 6). Depletion of Gwl 
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from mitotic egg extracts induces mitotic exit, 
whereas depletion of Gwl from interphase egg 
extracts prevents mitotic entry (2-4). These pheno- 
types, as well as the phenotypes observed in Gwl 
knockdown human cells (6), are mediated by 
PP2A. Although Gwl and PP2A do interact, di- 
rect phosphorylation of PP2A by this kinase has 
not been observed (2, 4), suggesting that Gwl 
may inhibit PP2A through an intermediary pro- 
tein. We used biochemical fractionation of cyto- 
static factor (CSF) meiotic arrested Xenopus egg 
extracts and in vitro phosphorylation by Gwl to 
identify substrates of this kinase. 

We fractionated proteins from interphase ex- 
tracts on a heparin column. Eluted proteins were 
precipitated with ammonium sulfate (50 to 70%), 
resuspended, and fractionated by gel filtration. 
Samples from the fractions were phosphoryl- 
ated in vitro with a hyperactive form of human 
Gwl (K72M mutant) (7), and the phosphoryl- 


ated bands were analyzed by mass spectrometry. 
Maximal phosphorylation was observed in the 
gel filtration fractions corresponding to molec- 
ular sizes of 30 to 70 kD (Fig. 1A, fraction 3) and 
20 to 50 kD (Fig. 1A, fraction 4). These two 
fractions increased phosphorylation of a band 
of 20 kD. Forty different proteins were detected 
in this band by mass spectrometry, among them 
the cyclic adenosine monophosphate-regulated 
phosphoprotein 19 (Arpp19), a protein that strong- 
ly resembles the small protein o-Endosulfine. The 
functions of Arpp19 and a-Endosulfine are un- 
clear (8, 9); however, oocytes from Drosophila 
with mutant o-Endosulfine have a prolonged pro- 
phase and fail to progress to metaphase (/0). Cdc2 
isolated from these oocytes has normal kinase 
activity, but the oocytes show a reduced amount 
of in vivo phosphorylation of mitotic substrates, a 
phenotype reminiscent of the one observed in 
Gwl-depleted Xenopus egg extracts (4). Although 
by mass spectrometry we identified peptides spe- 
cific to Arpp19 but not for o-Endosulfine (fig. S1), 
their sequence similarity indicates that both may 
be Gwl substrates. We therefore tested glutathione 
S-transferase fusion proteins made from Arpp19 
and o-Endosulfine, as possible substrates of Gwl. 
Both proteins were phosphorylated in vitro by Gwl 
(Fig. 1B). The endogenous proteins were present 
in small amounts in Xenopus egg extracts, partic- 
ularly Arpp19, which was very difficult to detect 
(Fig. 1C). The analysis of the protein sequences 
of Arpp19 and a-Endosulfine revealed the pres- 
ence of seven potential serine or threonine phos- 
phorylation sites conserved in both proteins (Fig. 
1D). We made individual mutants of Arpp19 
in which serine (S) or threonine (T) was mutated 
to alanine (A) and tested whether they were phos- 
phorylated in vitro by Gwl. All mutants were 
phosphorylated by Gwl except mutant S62A. Sim- 
ilarly, mutation of this conserved serine of human 
a-Endosulfine to alanine (S67A) also prevented 
the phosphorylation of this protein by Gwl (Fig. 
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1D). These results indicate that this serie is the 
Gwl phosphorylation site in both Arpp19 and 
a-Endosulfine. 

We analyzed the effects of Arpp19 and a- 
Endosulfine added to interphase Xenopus egg 
extracts. Either of these two proteins, if first 
phosphorylated in vitro by Gwl, promoted rapid 
mitotic entry as shown by the dephosphoryl- 
ation of tyrosine 15 of Cdc2 and the phospho- 
rylation of the mitotic substrates, followed by a 
subsequent exit from mitosis as indicated by the 
degradation of cyclin A and cyclin B2 (Fig. 1E). 
In a second experiment, to easily visualize mitotic 
entry, we prevented cyclin degradation by de- 
pleting the anaphase-promoting complex con- 
stituent Cdc27. In these extracts, the addition of 
phosphorylated Arpp19 or o-Endosulfine pro- 


moted a rapid entry into mitosis and the main- 
tenance of the mitotic state. Nonphosphorylated 
protein or the Arpp19 S62A or the o-Endosulfine 
S67A phosphorylation mutants had no effect 
(Fig. 2A). 

Gwl mediates entry into mitosis through the 
inhibition of PP2A, and so we suspected that 
Arpp19 and o-Endosulfine could mediate mi- 
totic entry by directly inhibiting PP2A. However, 
we could not exclude the possibility that these 
two proteins also regulate cyclin B—Cdc2 activ- 
ity to promote entry into mitosis. To determine 
whether Arpp19 or a-Endosulfine could induce 
mitotic entry through the regulation of cyclin B— 
Cdc2 activity, we depleted Cdc25 in interphase 
egg extracts and analyzed whether the two pro- 
teins still induced mitotic entry (//). We also de- 


pleted Cdc27 to prevent cyclin degradation and 
to easily visualize mitotic entry in these extracts. 
Either phospho-Arpp19 or phospho-c-Endosulfine 
induced entry into mitosis in these extracts where 
only cyclin A—Cdc2 appeared to be active (Fig. 
2B). Thus, Arpp19 and o-Endosulfine are sub- 
strates of Gwl that promote mitotic entry, likely 
through the regulation of PP2A but not through 
the regulation of cyclin B—Cdc2. 

Accordingly, when Gwl was depleted from in- 
terphase egg extracts, the addition of a-Endosulfine 
and Arpp19 still induced mitotic entry, further 
indicating that they act downstream of Gwl (Fig. 
2C). These two proteins promoted entry into mi- 
tosis in Gwl-depleted interphase extracts only 
when they were thio-phosphorylated, indicat- 
ing that when Gwl is present, dephosphoryl- 
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Fig. 1. Phosphorylated Arpp19 and o-Endosulfine promote mitotic entry in inter- 
phase extracts. (A) Coomassie blue staining and autoradiography of two fractions of 
gel filtration in which a band of 20 kD was phosphorylated in vitro. Arrowheads show 


bands analyzed by mass spectrometry. (B) In vitro phosphorylation of GST-Arpp19 
and GST-o-Endosulfine by Gwl. (C) Western blot performed with antibody to full-length human Arpp19 (two exposure times) and to C-terminal Xenopus o- 
Endosulfine showing equal amounts of interphase extract and supernatant [10 ul in Arpp19 immunoprecipitation (IP) and 2 ul in o-Endosulfine IP] and an IP 
corresponding to 20 ul of interphase extract. To improve detection of endogenous Arpp19, we boiled extract and supernatant before adding Laemmli buffer. (D) 
Protein sequence alignment of human and Xenopus Arpp19 and Xenopus o-Endosulfine. The conserved S/T sites that were mutated to A are indicated. (E) 
Interphase extracts (INT) were supplemented with phospho-c.-Endosulfine or phospho-Arpp19 at a final concentration of 170 ng/ul, or were left untreated 
(Control). We determined mitotic entry by analyzing the phosphorylation of Gwl, the dephosphorylation of tyrosine 15 on Cdc2, and the abundance of cyclin A 
and cyclin B2. Nonspecific bands are indicated with an asterisk. Abbreviations for the amino acid residues: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, 
lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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ation of these two substrates is counterbalanced 
by endogenous Gwl, whereas when Gw/ is absent, 
these two proteins are rapidly dephosphoryl- 
ated and do not promote or maintain the mitotic 
State. 

Moreover, the addition of thio-phosphorylated 
Arpp19 or a-Endosulfine to Gwl-depleted CSF 
extracts also prevented mitotic exit (Fig. 2D), 
demonstrating that Arpp19 and a-Endosulfine 
are phosphorylated by Gwl and act downstream 
of this kinase to promote mitotic entry, possibly 
by directly inhibiting PP2A. Accordingly, phos- 
phorylation of the Gwl-specific site on Arpp19 


and o-Endosulfine (S62/S67) decreased simul- 
taneously with dephosphorylation of Gwl at 
mitotic exit (Fig. 2E), and it increased again con- 
comitantly with the phosphorylation of this ki- 
nase at mitotic entry (Fig. 2F). 

To determine whether Arpp19 or a-Endosulfine 
could bind and inhibit PP2A, we incubated glu- 
tathione S-transferase (GST)-Arpp19 and GST- 
a-Endosulfine with interphase or with mitotic 
egg extracts and tested for association of PP2A 
with the fusion proteins. GST-o-Endosulfine (mod- 
erately) and GST-Arpp19 (very weakly) bound 
PP2A in interphase egg extracts, in which Gwl is 


inactive. However, the binding increased (17 times 
for GST-Arpp19 and twice for GST-o-Endosulfine) 
in mitotic egg extracts, in which Gwl is fully ac- 
tive, suggesting that the association of these two 
proteins with the A and C subunits of PP2A is 
increased by their Gwl-dependent phosphoryl- 
ation. In support of this idea, the mutation to 
alanine of the Gwl phosphorylation site S62 in 
Arrp19 and S67 in a-Endosulfine prevented the 
binding of either protein to PP2A. However, this 
association appears not to be exclusively regu- 
lated by Gwl-dependent phosphorylation because 
the o-Endosulfine mutant D66A did not bind 
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Fig. 2. Addition of thio-phosphorylated Arpp19 and a-Endosulfine rescues 
the phenotype induced by Gwl depletion in interphase and mitotic egg 
extracts. (A) Interphase extracts were depleted of Cdc27 and supplemented at 
a final concentration of 170 ng/ul with the proteins GST-Arpp19 and GST-a- 
Endosulfine phosphorylated or not in vitro by Gwl. The Gwl-phosphorylation 
mutants Arpp19-S62A and o-Endosulfine-S67A were also used. (B) Mitotic 
entry was analyzed in interphase extracts that were depleted of Cdc27 and 
Cdc25 and supplemented with phospho-Arpp19 and phospho-a-Endosulfine 
(final concentration of 170 ng/ul). The phosphorylation of cyclin B-Cdc2 
substrates was analyzed with an antibody recognizing the phospho-Serine 
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Cdk consensus motif. (C) Interphase extracts were depleted of Cdc27 and 
Gwl and supplemented with phosphorylated or thio-phosphorylated Arpp19 
and o-Endosulfine. (D) Mitotic extracts (CSF) were supplemented with thio- 
phosphorylated Arpp19 or a-Endosulfine and depleted of Gwl. (E) Mitotic 
exit was induced in CSF extracts by the addition of Ca2*, and the amounts of 
cyclin B2 and phosphorylation of Cdc25, Gwl, and the Gwl-specific sites of 
Arpp19 and o-Endosulfine were analyzed. (F) Interphase extracts were 
supplemented with cyclin A (final concentration of 60 nM), and the kinetics 
of the phosphorylation of the indicated proteins as well as the levels of cyclin 
B2 were analyzed. 
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Fig. 3. Inhibition of PP2A by phosphorylated Arpp19 and a-Endosulfine. (A) Interphase 
or mitotic extracts were supplemented with GST-Sepharose, GST-Arpp19-Sepharose, GST-c- 
Endosulfine-Sepharose, the GST-Arpp19 (S62A)-Sepharose, or GST-o-Endosulfine (S67A)- 
Sepharose, and the binding of PP2A subunits A and C was analyzed by GST precipitation 
and Western blot. (B) Similar to (A) except for the addition of GST-a-Endosulfine- 
Sepharose and GST-o-Endosulfine (D66A)—Sepharose. Lower panels show the in vitro 
phosphorylation of the o-Endosulfine (D66A) mutant by Gwl. (C) Effect of the phospho-o- 
Endosulfine (D66A) mutant on mitotic entry in interphase extracts. (D) PP2A complex 
obtained by immunoprecipitation from interphase extracts was left untreated (CT) or was 
incubated for 10 min with 5.3 wg of either thio-phospho-GST-Arpp19, thio-phospho-GST- 
o-Endosulfine, or thio-phospho-GST-a-Endosulfine (D66A) and then mixed with phospho- 
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with scrambled small interfering RNA (siRNA) (SC) or 50 
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PP2A, although it was normally phosphorylated 
by Gwl at residue S67 (Fig. 3B). Moreover, the 
addition of this mutant previously phosphorylated 
by Gwl into interphase extracts did not induce 
mitotic entry (Fig. 3C), consistent with the idea 
that Gwl may inhibit PP2A by promoting the bind- 
ing of its inhibitors, Arpp19 and a-Endosulfine. 

We tested directly the effect of Arpp19 and 
a-Endosulfine on PP2A activity obtained from 
immunoprecipitated CSF extracts by assessing 
dephosphorylation of the cyclin B-—Cdc2 substrate 
c-Mos in vitro in the presence or in the absence of 
thio-phosphorylated-Arpp19, _thio-phosphorylated- 
a-Endosulfine, and thio-phosphorylated-a- 
Endosulfine D66A. Thio-phosphorylated-Arpp19 
and_ thio-phosphorylated-a-Endosulfine signifi- 
cantly decreased dephosphorylation of c-Mos by 
PP2A. Thio-phosphorylated-c-Endosulfine mutant 
D66A, which does not bind PP2A, had no effect 
(Fig. 3D). 

To test the physiological role of Arpp19 and 
a-Endosulfine, we depleted interphase extracts 
of Cdc27 and then depleted them with specific 
antibodies against Arpp19 or a-Endosulfine (fig. 
S2), and finally supplemented them with cyclin 
A. Depletion of Arpp19, but not of o-Endosulfine 
(Fig. 1C), completely inhibited entry into mitosis 
(Fig. 4A)—a phenotype that was rescued by add- 
ing back this thio-phosphorylated protein (fig. S3). 
Similarly, only depletion of Arpp19 from CSF ex- 


tracts caused rapid exit of mitosis (Fig. 4B). This 
exit appeared to be mediated by a reactivation of 
PP2A because the inhibition of PP2A with okadaic 
acid caused these extracts to reenter mitosis (Fig. 
4C). Thus, despite the inhibitory effects of both 
Arpp19 and a-Endosulfine on PP2A, only Arpp19 
appears to regulate mitotic entry and exit in Xen- 
opus egg extracts. Consistent with this, only Arpp19 
is phosphorylated during mitosis (fig. S2) and, de- 
spite the presence of larger amounts of endoge- 
nous o-Endosulfine than endogenous Arpp19 in 
Xenopus egg extracts, only Arpp19 was identi- 
fied in our biochemical analysis. 

To investigate whether this mechanism was also 
conserved in human cells, we depleted Arpp19 
from human cervical cancer (HeLa) cells using 
two different sequences of small interfering RNA 
(siRNA) (fig. S4). Depletion of Arpp19 reduced 
the number of mitotic cells by 50% compared to 
that in cells treated with a scramble siRNA, sug- 
gesting that Arpp19 also promotes mitotic entry 
in human cells (Fig. 4D and fig. S4). 

Our results demonstrate an essential role of 
Arpp19 in regulating mitosis and provide a mech- 
anism by which Gwl can influence cell cycle con- 
trol through regulation of PP2A. Whether Arpp19 
might be dephosphorylated at mitotic exit re- 
mains to be elucidated. Perhaps other physiological 
pathways might be regulated by a-Endosulfine— 
dependent inhibition of PP2A. 
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Cholinergic neurons are widespread, and pharmacological modulation of acetylcholine receptors affects 
numerous brain processes, but such modulation entails side effects due to limitations in specificity for 
receptor type and target cell. As a result, causal roles of cholinergic neurons in circuits have been 
unclear. We integrated optogenetics, freely moving mammalian behavior, in vivo electrophysiology, 
and slice physiology to probe the cholinergic interneurons of the nucleus accumbens by direct 
excitation or inhibition. Despite representing less than 1% of local neurons, these cholinergic cells have 
dominant control roles, exerting powerful modulation of circuit activity. Furthermore, these neurons 
could be activated by cocaine, and silencing this drug-induced activity during cocaine exposure (despite 
the fact that the manipulation of the cholinergic interneurons was not aversive by itself) blocked 


cocaine conditioning in freely moving mammals. 


cetylcholine is an important and widely 
Asse! neurotransmitter, which acts on a 

variety of receptors and target cells (/—5). 
Pharmacological and genetic studies have eluci- 
dated the complex and often opposing influences 
of the individual subtypes of muscarinic and nic- 
otinic acetylcholine receptors on numerous bio- 
logical processes, but no study has yet resolved 
the question of the causal role of cholinergic neu- 
rons themselves within a central nervous system 
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tissue (6—//). Addressing such a question would 
require a novel paradigm for selective and tem- 
porally precise control (activation and inhibition) 
of cholinergic neurons within living mammalian 
tissues, because previous investigations have re- 
sulted in contradictory findings linked to chal- 
lenges with specificity and temporal resolution. 
For example, elegant in vivo pharmacological 
approaches have shown (/2—/4) that cholinergic 
transmission in the nucleus accumbens (NAc) [a 


structure involved in natural reward-related_ be- 
haviors and responses to drugs such as cocaine 
(/5—19)] is required for reward learning, but nov- 
el studies of molecular ablation of cholinergic 
interneurons within the NAc instead have reported 
enhanced reward learning (20). Cholinergic inter- 
neurons within the NAc are particularly intriguing 
because they constitute less than 1% of the local 
neural population (2/), yet they project through- 
out the NAc and provide its only known cho- 
linergic input (22). Relevant cholinergic receptors 
are expressed locally, and nicotinic and muscarinic 
pharmacological agonists can exert complex in- 
fluences on medium spiny neurons (MSNs, which 
represent >95% of the local neuronal population 
and constitute the output of the NAc) (23-25). 
However, the net effect (if any) of the cholinergic 
interneurons on any aspect of NAc physiology or 
behavior is unknown. 

We undertook an optogenetic approach to 
resolve this question by selectively driving or 
blocking action potential firing in these cells. To 
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PP2A, although it was normally phosphorylated 
by Gwl at residue S67 (Fig. 3B). Moreover, the 
addition of this mutant previously phosphorylated 
by Gwl into interphase extracts did not induce 
mitotic entry (Fig. 3C), consistent with the idea 
that Gwl may inhibit PP2A by promoting the bind- 
ing of its inhibitors, Arpp19 and a-Endosulfine. 

We tested directly the effect of Arpp19 and 
a-Endosulfine on PP2A activity obtained from 
immunoprecipitated CSF extracts by assessing 
dephosphorylation of the cyclin B-—Cdc2 substrate 
c-Mos in vitro in the presence or in the absence of 
thio-phosphorylated-Arpp19, _thio-phosphorylated- 
a-Endosulfine, and thio-phosphorylated-a- 
Endosulfine D66A. Thio-phosphorylated-Arpp19 
and_ thio-phosphorylated-a-Endosulfine signifi- 
cantly decreased dephosphorylation of c-Mos by 
PP2A. Thio-phosphorylated-c-Endosulfine mutant 
D66A, which does not bind PP2A, had no effect 
(Fig. 3D). 

To test the physiological role of Arpp19 and 
a-Endosulfine, we depleted interphase extracts 
of Cdc27 and then depleted them with specific 
antibodies against Arpp19 or a-Endosulfine (fig. 
S2), and finally supplemented them with cyclin 
A. Depletion of Arpp19, but not of o-Endosulfine 
(Fig. 1C), completely inhibited entry into mitosis 
(Fig. 4A)—a phenotype that was rescued by add- 
ing back this thio-phosphorylated protein (fig. S3). 
Similarly, only depletion of Arpp19 from CSF ex- 


tracts caused rapid exit of mitosis (Fig. 4B). This 
exit appeared to be mediated by a reactivation of 
PP2A because the inhibition of PP2A with okadaic 
acid caused these extracts to reenter mitosis (Fig. 
4C). Thus, despite the inhibitory effects of both 
Arpp19 and a-Endosulfine on PP2A, only Arpp19 
appears to regulate mitotic entry and exit in Xen- 
opus egg extracts. Consistent with this, only Arpp19 
is phosphorylated during mitosis (fig. S2) and, de- 
spite the presence of larger amounts of endoge- 
nous o-Endosulfine than endogenous Arpp19 in 
Xenopus egg extracts, only Arpp19 was identi- 
fied in our biochemical analysis. 

To investigate whether this mechanism was also 
conserved in human cells, we depleted Arpp19 
from human cervical cancer (HeLa) cells using 
two different sequences of small interfering RNA 
(siRNA) (fig. S4). Depletion of Arpp19 reduced 
the number of mitotic cells by 50% compared to 
that in cells treated with a scramble siRNA, sug- 
gesting that Arpp19 also promotes mitotic entry 
in human cells (Fig. 4D and fig. S4). 

Our results demonstrate an essential role of 
Arpp19 in regulating mitosis and provide a mech- 
anism by which Gwl can influence cell cycle con- 
trol through regulation of PP2A. Whether Arpp19 
might be dephosphorylated at mitotic exit re- 
mains to be elucidated. Perhaps other physiological 
pathways might be regulated by a-Endosulfine— 
dependent inhibition of PP2A. 
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Cholinergic neurons are widespread, and pharmacological modulation of acetylcholine receptors affects 
numerous brain processes, but such modulation entails side effects due to limitations in specificity for 
receptor type and target cell. As a result, causal roles of cholinergic neurons in circuits have been 
unclear. We integrated optogenetics, freely moving mammalian behavior, in vivo electrophysiology, 
and slice physiology to probe the cholinergic interneurons of the nucleus accumbens by direct 
excitation or inhibition. Despite representing less than 1% of local neurons, these cholinergic cells have 
dominant control roles, exerting powerful modulation of circuit activity. Furthermore, these neurons 
could be activated by cocaine, and silencing this drug-induced activity during cocaine exposure (despite 
the fact that the manipulation of the cholinergic interneurons was not aversive by itself) blocked 


cocaine conditioning in freely moving mammals. 


cetylcholine is an important and widely 
Asse! neurotransmitter, which acts on a 

variety of receptors and target cells (/—5). 
Pharmacological and genetic studies have eluci- 
dated the complex and often opposing influences 
of the individual subtypes of muscarinic and nic- 
otinic acetylcholine receptors on numerous bio- 
logical processes, but no study has yet resolved 
the question of the causal role of cholinergic neu- 
rons themselves within a central nervous system 


www.sciencemag.org SCIENCE VOL 330 


tissue (6—//). Addressing such a question would 
require a novel paradigm for selective and tem- 
porally precise control (activation and inhibition) 
of cholinergic neurons within living mammalian 
tissues, because previous investigations have re- 
sulted in contradictory findings linked to chal- 
lenges with specificity and temporal resolution. 
For example, elegant in vivo pharmacological 
approaches have shown (/2—/4) that cholinergic 
transmission in the nucleus accumbens (NAc) [a 


structure involved in natural reward-related_ be- 
haviors and responses to drugs such as cocaine 
(/5—19)] is required for reward learning, but nov- 
el studies of molecular ablation of cholinergic 
interneurons within the NAc instead have reported 
enhanced reward learning (20). Cholinergic inter- 
neurons within the NAc are particularly intriguing 
because they constitute less than 1% of the local 
neural population (2/), yet they project through- 
out the NAc and provide its only known cho- 
linergic input (22). Relevant cholinergic receptors 
are expressed locally, and nicotinic and muscarinic 
pharmacological agonists can exert complex in- 
fluences on medium spiny neurons (MSNs, which 
represent >95% of the local neuronal population 
and constitute the output of the NAc) (23-25). 
However, the net effect (if any) of the cholinergic 
interneurons on any aspect of NAc physiology or 
behavior is unknown. 

We undertook an optogenetic approach to 
resolve this question by selectively driving or 
blocking action potential firing in these cells. To 
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REPORTS 


express microbial opsin genes specifically in cho- 
linergic interneurons, we employed a transgenic 
mouse line expressing Cre-recombinase under 
the choline acetyltransferase (ChAT) promoter 
(26). We stereotaxically injected into the NAc 
(Fig. 1A) a Cre-inducible adeno-associated virus 
(AAV) vector carrying the opsin gene fused in- 
frame with coding sequence for enhanced yellow 
fluorescent protein (eYFP) (27, 28); the opsin 
gene encoded either the blue-light gated cation 
channel channelrhodopsin-2 (ChR2) (29) or the 
yellow-light gated third-generation chloride pump 
halorhodopsin (eNpHR3.0) (30). eYFP expres- 
sion was specific to neurons that expressed ChAT; 
moreover, the majority of neurons that expressed 
ChAT also expressed eYFP (Fig. 1, B and C). 
Both opsins were expressed on the surface 
membranes of ChAT neurons (Fig. 1D), and the 
targeted neurons responded to current injection 
in a manner corresponding to previously es- 
tablished responses of cholinergic interneurons 
in the dorsal striatum (Fig. 1E) (37). Both the rest- 
ing membrane potential (V,,) and input resist- 
ance (Rinpur) were higher for ChAT neurons 
(YFP* neurons) than for MSNs [identified as 
YFP” neurons; table S1; P< 10‘ for Vy, and P= 
0.004 for Rinput, two-tailed ¢ test]. Finally, both 
opsins were functional in ChAT cells, as eNpHR3.0 
drove large hyperpolarizations (Fig. 1F; mean + 


Fig. 1. Specificity, mem- A 
brane targeting, and func- 
tionality of ChR2 and 
eNpHR3.0 in ChAT inter- 
neurons of the NAc. (A) 
Cre-dependent AAV [express- 
ing either eNpHR3.0-eYFP 
or ChR2(H134R)-eYFP] 
was injected into the me- 
dial portion of the NAc. (B) 
Confocal image of an 
injected slice demon- 
strates colocalization of 
eYFP expression with the 
ChAT antibody, costained 
with 4°,6’-diamidino-2- 
phenylindole (DAPI). (C) 
91.3 + 1.3% of neurons 
that expressed YFP also 
stained forthe ChATanti- E 
body (n = 418); 93.5 + 

2.8% of neurons that 

stained for the ChAT anti- 

body also expressed YFP 

(n = 413). Error bars 

indicate SEM. (D) High- 

magnification view reveals 

membrane localization 
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SEM: —83.8 + 11.9 mV, n = 4) and ChR2 
reliably drove spiking up to 20 to 30 Hz (Fig. 1, 
G and H). 

ChAT interneurons are thought to be tonical- 
ly active in vivo (3 to 10 Hz) (32, 33), but it has 
remained mysterious how (or even if) this slow 
activity in the sparse ChAT cells could be 
causally involved in affecting local circuit ac- 
tivity or behavior. We used optogenetics to ad- 
dress this question with a combination of slice 
electrophysiology, in vivo electrophysiology, 
and freely moving behavior. First, we monitored 
postsynaptic currents in MSNs (ChR2-eYFP non- 
expressing cells) in acute NAc slices during opto- 
genetic photostimulation of ChAT cells expressing 
ChR2-eYFP (Fig. 2A), targeted as in Fig. 1. Stim- 
ulating ChAT neurons in this setting increased 
the frequency of y-aminobutyric acid type A 
(GABAaj) receptor—mediated inhibitory post- 
synaptic currents (IPSCs) recorded in MSNs 
(Fig. 2, B and C). Evoked inhibitory currents 
were generally synchronized to the light pulse, 
with a modal latency of 6 ms (Fig. 2D), coupled 
with a smaller enhancement of asynchronous 
IPSCs (fig. S1, A to C). Across all recorded cells, 
the mean frequency of IPSCs observed in the 
MSNs increased by 525.8 + 154.3% during light 
stimulation of the ChAT neurons (1 = 7; mean + 
SEM, P = 0.01, paired ¢ test), whereas the mean 


ChAT 


eNpHR3.0 Overlay 


IPSC amplitude was unaffected (P > 0.05, paired 
t test; n = 7, Fig. 2E). This effect was attenuated 
by the nicotinic antagonist mecamylamine (fig. 
S3, 2 =5, P < 0.05, paired f test). 

We next asked if and how these changes in 
inhibitory current frequency would translate into 
changes in MSN spiking in vivo. We recorded 
neural activity extracellularly with an optrode in 
the NAc during optogenetic activation of the 
ChAT interneurons in vivo (Fig. 2F). At sites 
where single units were not isolated, we observed 
neural population firing that tracked the light 
stimulation at 10 Hz but not 100 Hz (fig. S1D), 
probably representing population spiking across 
the sparse but synchronously activated ChAT 
cells in the neighborhood of the electrode. In 
contrast to these population spikes, the isolated 
units in the NAc displayed a markedly different 
response to the optogenetic photostimulation. In 
agreement with the observed increase in IPSC 
frequency in MSNs in slices, we observed inhibi- 
tion of background firing during stimulation of 
the ChAT cells in vivo (representative cell, Fig. 2G). 
Across the population, most significantly mod- 
ulated sites showed a suppression of background 
firing, although a few responded with an increase 
in firing (Fig. 2, H and J), consistent with known 
recurrent inhibition among MSNs and corre- 
sponding release from inhibition, during ChAT 


eNpHR3.0 


Overlay 


ChR2(H134R) Overlay 


a H 


of eNphR3.0-eYFP (left) 
and ChR2-eYFP (right), 
costained with ChAT an- 
tibody. (E) Membrane potential changes induced by current injection in a ChR2- 
eYFP—expressing ChAT neuron. Vi, =—48 mV. Current steps: —-60, —20, +20 pA. 
(F) Membrane potential changes induced by 1 s of 580-nm light in an 
eNpHR3.0-eYFP—expressing ChAT neuron (peak hyperpolarization: —-103 mV). 
Vim = —49 mV. (Inset) Population-averaged peak hyperpolarization (mean + 


100 pA] 580 nm light (1 
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neuron drive, that had been previously exerted 
by the broader MSN population. 

We next explored the consequences of spe- 
cifically inhibiting ChAT interneurons, employ- 
ing Cre-dependent eNpHR3.0 expression in vivo. 
In contrast to what was observed with ChAT 
neuron excitation, firing of NAc neurons was 
typically increased in likely MSNs by optogenetic 
inhibition of the ChAT cells (a representative cell 
is shown in Fig. 3A). Power spectral analysis re- 
vealed a frequency peak in the firing pattern at ~4 
Hz in these in vivo recordings (Fig. 3B). Summary 
data are presented in Fig. 3C; across the popula- 
tion of significantly modulated sites, most neurons 
were excited by the optogenetic inhibition of 
ChAT neurons (1 = 17). We were able to obtain a 
single-unit recording from a rare putative ChAT 
interneuron, which was completely shut down 


x 


Fig. 2. Optogenetic photoactiva- 
tion of ChAT interneurons increases 
frequency of inhibitory currents and 
suppresses MSN spiking. (A) ChAT neu- 
rons transduced with ChR2-eYFP were 
activated with blue light (470 nm) in 
brain slices, and nearby MSNs (eYFP~ 
cells) were whole-cell patch-clamped. (B) 
(Left) Spontaneous synaptic currents 
were observed in an MSN in a slice 
expressing ChR2-eYFP in ChAT neu- 
rons. (Middle) Synaptic currents in- 
creased in frequency in response to 
470-nm light pulses (5-ms pulse width; 
10 Hz). (Right) These currents were 
blocked by GABA, receptor antagonist 
SR-95531 (5 uM) and are thus consid- 0) 
ered IPSCs. 2,3-dihydroxy-6-nitro-7- 
sulfamoylbenzo[ f ]quinoxaline-2,3-dione 

(NBQX) (5 uM) and (RS)-3-(2-Carboxy- F 
piperazin-4-yl)-propyl-1-phosphonic 

acid (RS-CPP) (5 uM) were present in 

all experiments. (C) Time course of IPSC 
frequencies for this MSN, showing the 

effect of light pulses (blue dashed bars) 

and SR-95531 (black bar). (D) Average 
percentage increase in IPSC frequency 

during the light-on periods (normalized 

to that of light-off periods) as a 

function of time relative to light pulses 

(n = 6). The blue dashed line indicates 

the onset of light pulses; error bars I 3 
denote SEM. (E) Light pulses increased 
the frequency of IPSCs by 525.8 + 
154.3% (n = 6, P = 0.01, paired two- 
tailed t test), whereas the average 
amplitudes of spontaneous IPSCs were 
changed by 21.3 + 28.9% (P > 0.05). 
(F) An optrode (optical fiber attached to 
a tungsten electrode) was stereotaxically 
positioned in vivo into a NAc that 
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by eNpHR3.0 (Fig. 3D) and displayed the long 
action-potential duration characteristic of ChAT 
interneurons (22) (2.0 ms for this cell, whereas 
spike durations for MSNs in our recordings ranged 
from 1.1 to 1.7 ms). Summary data (Fig. 3E) 
show the dynamics of excitation and inhibition 
for all recorded sites, illustrating the dominant 
pattern of excitation (firing increased by 130.5 + 
17.5% in sites that were excited by light). 
Finally, we sought to test if this potent NAc 
control mechanism was relevant to accumbens- 
dependent reward behavior in freely moving 
mice. We first tested the effect of acutely admin- 
istered cocaine on activity of these identified 
ChAT neurons in acute NAc slices. In ventro- 
medial NAc ChAT cells, cocaine tended to 
increase spontaneous firing (representative ChAT 
neuron shown in Fig. 4, A and B). Summary data 
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revealed that cocaine increased firing rates from 
0.60 + 0.41 Hz to 1.74 + 0.56 Hz at 10 min in 
ChAT neurons (1 = 7; P < 0.005, paired f test), 
whereas in the control group of cells receiving 
only vehicle, firing rates decreased from 0.69 + 
0.24 Hz to 0.09 + 0.09 Hz over the same time 
period (n = 6; P < 0.05 comparing the two 
groups, two-tailed ¢ test) (Fig. 4C). 

We next used eNpHR3.0 to test for causal roles 
in either this cocaine-induced activity or baseline 
activity of ChAT cells in the reward-related behav- 
ior of cocaine conditioned place preference (CPP), 
in which animals learn to associate an environment 
with cocaine. After injecting virus and implanting 
cannulae bilaterally (Fig. 4D) to silence ChAT 
neurons during cocaine exposure (Fig. 4E), mice 
that expressed eNpHR3.0 in the ChAT cells ex- 
hibited significantly less cocaine-induced CPP than 
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expressed ChR2-eYFP in ChAT cells. (G) (Top) Voltage trace of an isolated 
unit that is inhibited by blue light stimulation. (Middle) Raster plot 
displaying the response of the same unit to five repetitions of the light 
stimulation, with each action potential represented by a dot. (Bottom) 
Average and SEM of the firing rate over time for the same unit. (H) Fraction 
of sites that were inhibited versus excited by light stimulation. (I) Population 
summary of the time course of response to light stimulation for sites that 
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were inhibited (left; n = 13 of 16) or excited (right; n = 3 of 16) by light. 
Solid lines represent average firing rate across sites as a function of time; 
each dot represents the average firing rate of an individual site. All firing 
rates are normalized to the mean rate before light stimulation. (F to |) 
Duration of photostimulation, 10 s; pulse duration, 5 ms; wavelength, 470 nm; 
frequency, 10 Hz. Epochs of light stimulation are represented by blue dashed 
lines. 
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did their control (Cre recombinase-negative) lit- 
termates that had received the same virus, surgery, 
and light-delivery protocol [20 mg/kg intraperito- 
neally (ip), Fig. 4, F and G; n= 10 ChAT::Cre*, n = 
12 ChAT::Cre™ (left panel); P < 0.01 for two-tailed 
t test; three cohorts; see also fig. S2A]. We ob- 
served no behavioral effect of inhibiting the ChAT 
cells in the absence of cocaine, and ChAT neuron 
inhibition by itself was not aversive, as condition- 
ing with eNpHR3.0 alone did not affect place 
preference (Fig. 4G, right panel; n =9 ChAT::Cre", 
n= 7 ChAT::Cre’; P > 0.05 for two-tailed ¢ test; 
three cohorts; fig. S2B; see also fig. S4A for co- 
caine dose-response curve). Activation of the cells 
with ChR2 at 10 Hz was not sufficient to drive 
place preference by itself or enhance cocaine place 
preference (10 and 20 mg/kg ip, fig. S4, B to D), 
with our data from ChAT cell inhibition instead 
demonstrating necessity of these cells. Finally, in 
control experiments, we found that ChAT neuron 
inhibition by itself had no effect on mobility or 
anxiety in the open field (Fig. 4, H and J), and 
contextual- and auditory-cued fear conditioning 
were not disrupted by inhibition of the ChAT 
cells (fig. S5). 

Together, these data demonstrate that selec- 
tively inhibiting ChAT interneurons in the NAc 
with high temporal precision has the overall ef- 
fect of increasing MSN activity and blocking co- 
caine conditioning in freely moving mammals. 
These behavioral results do not support conclu- 
sions arising from chronic ablation of the cho- 
linergic interneurons (20); instead they are more 
consistent with interpretations arising from faster 
but less cellularly targeted pharmacological mod- 
ulation in the NAc (/2—/4). Ablation of the cho- 
linergic interneurons might lead to indirect effects, 
such as a compensatory increase in dopamine in 
the NAc, which, in turn, could enhance cocaine 
reward. In fact, a fundamental difference between 
acute and chronic manipulations could explain 
clinically relevant apparent contradictions in our 
understanding of the acetylcholine/dopamine ba- 
lance in the brain. For example, an acute increase 
in nicotine (presumably acting on cholinergic re- 
ceptors) causes a corresponding acute increase in 
dopamine (34), whereas chronic changes in do- 
pamine or acetylcholine levels can cause opposing 
changes in the levels of the other neuromodulators 
(35), as seen in the dopamine depletion of Par- 
kinson’s disease (36). 

Because cocaine increases dopamine levels in 
the NAc, the multiple classes of dopamine recep- 
tors expressed on the various cell types within the 
NAc will give rise to substantial complexity. Al- 
though the neural encoding of both cocaine and 
natural stimuli in the NAc is heterogeneous (37), 
the predominant effect of appetitive stimuli may 
be to decrease activity in the MSNs (inhibitory 
projection neurons), thereby gating directed 
behavior through disinhibition of target brain re- 
gions. Consistent with this picture, a pause in NAc 
activity (which we have found that ChAT neurons 
are well-suited to implement) may be required for 
reward-related conditioning (38, 39); in con- 
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Fig. 3. Optogenetic photoinhibition of ChAT interneurons enhances MSN spiking in vivo. (A) (Top) 
Voltage trace of an isolated unit (recorded from the NAc in vivo) that was excited by optogenetic 
photoinhibition of the ChAT interneurons with eNpHR3.0. (Middle) Raster plot displaying the response of 
the same unit to five repetitions of the light stimulation, with each action potential represented by a dot. 
(Bottom) Average and SEM of the firing rate over time for the same unit. (B) Wavelet analysis reveals 
power of spiking as a function of frequency and time (average across five repetitions) for the same unit as 
in (A). (C) Fraction of sites that were inhibited versus excited by light stimulation. (D) Same as (A), for a 
unit that was inhibited by light stimulation. (E) Population summary of the time course of response to light 
stimulation for sites that were inhibited (left; n = 13 of 17) or excited (right; n = 4 of 17) by light. Solid 
lines represent the average firing rate across sites as a function of time; each dot represents the average 
firing rate of an individual site. All firing rates are normalized to the mean value before light stimulation. 
(A to E) Duration of photostimulation, 15 s (constant illumination); wavelength, 560 nm. Epochs of light 


stimulation are represented by yellow bars. 


trast, the predominant effect of aversive stimuli 
may be to increase MSN activity (40, 41). The 
fact that acute silencing of ChAT interneurons 
disrupts drug-related learning without affecting 
conditioning in the absence of drug suggests that 
control over this microcircuit could be used to 
selectively disrupt effects of drugs of abuse with- 
out affecting appetitive or aversive responses in 
general, a possibility that would be of substantial 
clinical benefit. Together, our results point to a 
powerful role for these sparsely distributed neu- 
rons in controlling local circuit activity and im- 
plementing behavioral conditioning in freely 
moving mammals. 
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Fig. 4. ChAT interneurons can be activated 
by cocaine in slice and required for cocaine 
conditioning in vivo. (A) The frequency of 
spontaneous action potentials in a ChAT 
neuron increased 10 min after bath appli- 
cation of cocaine (5 uM). ACSF, artificial 
cerebrospinal fluid. (B) Firing rate over time 
for this ChAT neuron. Horizontal gray bar, ap- 
plication of cocaine; vertical dotted line, 10 
min after cocaine application, the time point 
illustrated in detail in (A) and (C). (C) Popu- 
lation data illustrating the cocaine-induced 
increase in firing in ChAT neurons, comparing 
the baseline firing rate (averaged over the 2.5 
min before cocaine application) with the rate 
after cocaine infusion (averaged between 10 
and 12.5 min after onset of cocaine appli- 
cation; gray bars, cells receiving cocaine; white 
bars, control cells receiving only ACSF; P < 
0.005, paired two-tailed t test for cocaine- 
treated group before versus after cocaine; P < 
0.05 unpaired two-tailed t test comparing 
cocaine versus control cells after cocaine or 
vehicle). (D) Schematic illustration of a bi- 
lateral cannula system with double fibers 
inserted to illuminate the medial portion of 
the NAc. (Left inset) Endpoint of cannula track 
for all mice used in (H). (Right inset) eYFP 
expression in NAc of a ChAT::Cre* mouse 
injected with Cre-dependent eNpHR3.0-eYFP. 
(E) Conditioning paradigm for cocaine CPP 
(H). Mice were conditioned with ip cocaine 
(20 mg/kg), along with ChAT cell inhibition 
with eNpHR3.0 (wavelength: 590 nm). (F) 
Tracking data from representative ChAT::Cre* 
and ChAT::Cre” mice on the testing day after 
cocaine conditioning (day 3). On the previous 
day (day 2), the mice had received cocaine 
and light in one left chamber, whereas in the 
other they received saline. The ChAT::Cre~ 
mouse (but not the ChAT::Cre* mouse) exhibited 
a preference for the conditioned chamber. (G) 
(Left) Fold change in time in conditioned 
chamber during day 3 versus day 1 of cocaine 
CPP (conditioning with cocaine and light). 
Comparison of ChAT::Cre* and ChAT::Cre~ littermates; in both cases injected with 
Cre-dependent eNpHR3.0 (n = 10 ChAT::Cre*, n = 12 ChAT::Cre ;P < 0.01 for 
two-tailed t test; three cohorts). (Right) Fold change in time in conditioned 
chamber during day 3 versus day 1 for conditioning with light alone (no cocaine; 
n=9 ChAT::Cre*, n = 7 ChAT::Cre; P > 0.05 for two-tailed t test; three cohorts). 
Error bars indicate SEM. n.s., not significant. (H) Velocity of virus-injected (Cre- 
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dependent eNpHR3.0) and photostimulated ChAT::Cre* and ChAT::Cre~ mice in 
the open field (n = 10 ChAT::Cre*, n = 10 ChAT::Cre ; P > 0.05 for two-tailed f test; 
three cohorts). (I) Same as (H) for track length in open field (n = 10 ChAT::Cre*, 
n=10 ChAT::Cre ; P > 0.05 for two-tailed f test; three cohorts). (J) Same as (H) 
for time in center of open field (n = 10 ChAT::Cre*, n = 10 ChAT::Cre; P > 0.05 
for two-tailed t test; three cohorts). (A to J) *P < 0.05; **P < 0.01; ***P < 0.005. 
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New Genes in Drosophila Quickly 


1682 


Become Essential 


Sidi Chen, Yong E. Zhang, Manyuan Long* 


To investigate the origin and evolution of essential genes, we identified and phenotyped 195 young 
protein-coding genes, which originated 3 to 35 million years ago in Drosophila. Knocking down 
expression with RNA interference showed that 30% of newly arisen genes are essential for viability. 
The proportion of genes that are essential is similar in every evolutionary age group that we examined. 
Under constitutive silencing of these young essential genes, lethality was high in the pupal stage and 
also found in the larval stages. Lethality was attributed to diverse cellular and developmental 
defects, such as organ formation and patterning defects. These data suggest that new genes 
frequently and rapidly evolve essential functions and participate in development. 


ssential genes are often portrayed as con- 
R= and ancient (/, 2), whereas younger 

genes, which exist in only one or a few 
species, have been considered to be more dis- 
pensable and to perform relatively minor orga- 
nismal functions (/—4). It is unclear how essential 
genes arise and how new genes accumulate es- 
sential functions. New genes arise continuously 
through various mechanisms, such as DNA-based 
duplication, retroposition, and de novo origination 
(5, 6). When they first arose, new genes were ex- 
pected to be nonessential because their immedi- 
ate ancestral species were able to survive without 
them (Fig. 1A). However, little is known about 
their phenotypes and degrees of essentiality. 

By comparative genomic analysis of 12 closely 
related Drosophila species (7), we identified 566 
new genes in the D. melanogaster genome and 
dated their evolutionary ages through phylogenetic 
distributions (8) (fig. S1). All these genes originated 
less than 35 million years (My) after the diver- 
gence from D. willistoni (9), so we called them young 
genes. To assay their phenotypic effects in viability, 
we obtained Drosophila RNA interference (RNAi) 
lines targeting these genes (/0, //) and excluded 
RNAi lines with predicted off-target effects and 
lines with detectable phenotypes by P-element in- 
sertion, resulting in a set of lines targeting 195 young 
genes. Crosses resulting in constitutive silencing of 
these genes allowed us to assay the phenotypic ef- 
fects on viability in the F1 generation (8) (fig. S2). 

Unexpectedly, 59 of these genes were lethal 
under constitutive RNAi knockdown (Table 1 and 
tables S1, S3, and S4). We confirmed lethality in 
most of the genes (93%) with different driver con- 
structs (table S6, part I). Although the efficiency 
of gene knockdown by different drivers might 
vary, the phenotypic consistency indicated a low 
false-positive rate (<7%), consistent with previ- 
ous estimates (/0). Moreover, for the genes with 
multiple RNAi lines from independent upstream 
activating sequence—inverted repeat (UAS-IR) 
constructs or independent transformations that 
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insert into different chromosomal locations, we 
repeated the crosses with these lines and found 
that 45 of 47 (96%) genes showed similar viabil- 
ity phenotypes between lines (table S6, part ID), 
ruling out positional effects or construct effects. 
Furthermore, in deficiency libraries, lines deleting 
these genes are homozygous lethal, although a 
deletion block can be large and can contain other 
genes (/2). Furthermore, several genes in the list 
(table S1)}—HP6 (CG15636), CG12842, and spn2 
(CG8137)—were found to be lethal using various 
gene disruption methods, including P-element 
disruption, RNAi with independent constructs, 
and misexpression assays (/3—/5). Therefore, 
we found 59 young genes that are essential for 
viability (Table 1 and table S1), a conservative 
number due to false negatives because RNAi 


does not reduce the mRNA level to zero (/0). 
These 59 genes encode diverse protein domains 
with fundamental molecular and cellular func- 
tions, including putative transcription factors 
and/or nucleic acid-binding proteins, peptidases, 
G protein-coupled receptors, protease inhibitors, 
nicotinamide adenine dinucleotide—binding pro- 
teins, ribosomal proteins, and molecular chaper- 
ones (tables S2 and S8). 

The proportion of essential genes in D. mela- 
nogaster is estimated at ~25 to 35% (2, 10, 16). 
We compared the rates of lethality between old 
genes and young genes using the same gene- 
silencing methods (8). Among randomly chosen 
old genes, 35% (86 of 245) were essential for 
viability (Table 1), which was statistically similar 
to the 30% (59 of 195) essential young genes 
(two-tailed Fisher’s exact test, P = 0.3, Table 1). 
These data suggest that young genes are as es- 
sential as old genes in terms of viability. 

We analyzed the age distribution of young es- 
sential genes by mapping the origination events of 
these 59 genes onto the Drosophila phylogenetic 
tree (8). We found that essential genes emerged 
throughout the evolutionary period examined (Fig. 
1B and table S2). The youngest, p24-related-2 
(CG33105), arose within the last 3 My and is 
thus D. melanogaster-—specific (table $2). In each 
age group, the proportion of genes that are es- 
sential was around 30% (Table 1), suggesting that 
whether or not a gene is essential is independent 
of its age. These data reveal that the proportion 
of newly arisen essential genes reaches a plateau 
within a few million years. Reminiscent of the 


Table 1. Summary statistics of lethal phenotypes of young genes. (I) Gene age was described in (8); age 
groups 0 to ~3 My and 3 to ~6 My were pooled to increase sample size. A gene was considered essential 
for viability if it was constitutive RNAi lethal (8); fertility is not a subject in this study. (II) Lethality stage 
of “pupal” includes all substage categories, such as prepupal, early pupal, late pupal, and pharate. 
“Before pupal” includes multiple larval stages, including early larvae and late larvae. “Other” includes 
mixed-stage lethal, stage unknown, or stage undefined. 


|. Proportion of essential genes (constitutive RNAi lethal) 


Young genes 


Age (My) Essential Nonessential Siibiotat Proportion pe 
genes genes of essential 
0~6 4 9 13 31% 1.00 
6~11 25 51 76 33% 0.78 
11~25 13 30 43 30% 0.60 
25~35 17 46 63 27% 0.24 
Total 59 136 195 30% 0.31 
Old genes 
Age (My) Essential genes Nonessential genes Subtotal Proportion of essential Age (My) 
>40 86 159 245 35% >40 
Il. Stage of lethality 
Young genes Old genes 
Pupal 47 80% 43 50% 
Before pupal 6 10% 38 44% 
Other 6 10% 5 6% 
Total 59 100% 86 100% 
Pt 0.0009 


*Two-tailed Fisher's exact test P for essentiaV/nonessential young genes in each age group compared with those for old 


genes; 


tTwo-tailed Fisher's exact test P for pupaVnon-pupal lethals for young genes compared with those for old genes. 
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Walsh model, a new duplicate gene can quickly 
evolve a novel and important function by accu- 
mulating advantageous mutations (/7), especially 
in the species with large effective population sizes, 
such as Drosophila (18). These observations may 
explain why duplicate genes are as essential as 
singletons (9-22), although most genes examined 
in these mammalian studies are relatively ancient. 
We investigated the native gene expression pat- 
terns of these genes with D. melanogaster life-cycle 
time-course expression profiling (23). Interestingly, 
most of the 59 genes we identified are highly ex- 
pressed at the late larval stages (L2 and L3) or dur- 
ing metamorphosis; some genes are also expressed 
during the embryonic and L] stages (fig. S4), which 
suggests that their gene products are subject to 
transcriptional regulation during the life cycle. 


A 


We examined the developmental stages in 
which lethality occurs under constitutive silenc- 
ing and found that lethality occurs at various de- 
velopmental stages (Fig. 2). The vast majority 
(47 of 59, 80%) of the young essential genes 
consistently showed lethality during pupation; 
four new genes (CG/1466, CG33459, CG6289, 
and CG8&358) showed lethality at larval stage, 
whereas a few other genes show lethality at both 
larval and pupal stages, which we termed mixed- 
stage lethality (Table 1 and tables S1 and SS). 
About 50% of old genes are lethal during pu- 
pation, and the other half are lethal at earlier 
stages, because many early-stage developmental 
genes are conserved (/0) (Table 1). In compar- 
ison, young genes are highly enriched in pupal 
lethals (Table 1; Fisher’s exact test, two-tailed, 
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P=9x 10“). These data suggest that new genes 
have evolved essential functions in larval and 
pupal development, and frequently regulate de- 
velopment in the pupal stage, with 10% or more 
regulating the development in the larval or even 
embryonic stages (table S1) (73). 

Examination of metamorphosis failures of 
pupal lethals demonstrated several distinct classes. 
The majorities (37 of 47, 79%) of pupal lethals 
were classified as class I (i.e., pharate lethal; 
complete pharates formed but failed in the final 
steps of pupal development and/or eclosion), with 
only a few falling into class II (pupae develop- 
ment aborted at the prepupal or early pupal stage, 
without proper formation of rudimentary heads 
or early leg structures) or class III (development 
failed over multiple stages, including prepupal, 
early pupal, late pupal and/or complete pharate 
stages) (tables S1 and S5 and fig. S3). These data 
suggested that young essential genes tend to play 
vital roles in middle or late stages of develop- 
ment, with a few cases in early stages. 

We applied a tissue-specific loss-of-function 
(LOF) analysis to wing and notum development 
to investigate specific underlying defects (8). 
Under tissue-specific RNAi, almost every young 
essential gene we examined showed visible 
morphological abnormalities that were distinct 
in range, position, affected cell type, severity, and 
penetrance (Fig. 3 and table S7). Several types of 
canonical cellular and developmental defects were 
observed: (i) gross morphological defects in the 
overall shapes of the wing or notum (Fig. 3A and 
table S7); (ii) cell misdifferentiation or cell fate 
switching, as seen in loss of bristle cells or ectopic 
bristles (Fig. 3, B and E); (ili) tissue necrosis or 
death (Fig. 3C); (iv) tumor formation in the scalar 
region of the notum or tip of the wing (Fig. 3D and 
table S7); (v) loss of asymmetric anterior-posterior 
wing patterning (Fig. 3E), a classical develop- 
mental phenotype (24); and (vi) a possible signal- 
ing defect resembling the Notch phenotype in the 
wing (Fig. 3F). These data revealed that when the 
normal expression patterns of these new genes 
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table S2). These new duplicates often show novel 
chimeric gene structures, including new coding 
regions and untranslated regions (Fig. 1, C and 
D, fig. S1, and table $2). The protein sequences 
of these genes have drastically diverged from 
those of their parental copies, with a median di- 
vergence of 47.3% (table S2). A few (3 of 59) 


Fig. 1. Origin of new essential genes during recent evolution in Drosophila. (A) Schematic representation 
for the hypothesis for the origin of a new essential gene. The ancestral species D is immediately before the 
new gene X originated. (B) Number of young essential genes in major evolutionary periods [D/R and A 
represent DNA/RNA-based duplicate genes and de novo genes with examples in (C) to (E), respectively]. The 
subtotal for a particular mechanism, including both essential and nonessential genes, is also shown as a 
denominator in B. Green, yellow, red and boxes represent exons in the parental genes, young genes, and 
recruited chimeric regions, respectively. Dashed lines represent paralogous duplicated regions. 
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young essential genes originated de novo (Fig. 1, 
B and E, and table S2). In general, the propor- 
tions of new genes that are essential do not differ 
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significantly among the three types of origination 
mechanisms: 32% (50 of 156) for DNA-based du- 
plication, 26% (6 of 23) for RNA-based retro- 
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Fig. 2. Staging lethality of gene silencing by fluorescence tracking. Living flies with RNAi—green 
fluorescent protein dual constructs are shown for six major D. melanogaster developmental stages: L1, first 
instar larva; L2, second instar larva; L3, third instar larva; EP, early pupa; PH, pharate (late pupa); A, adult. 
(Right) Genotypes of the flies. (Left) Stage of lethality. N.S., no flies of this genotype survived to this stage. 


Fig. 3. Representative cellular and developmental 
defects. Representative tissue-specific LOF of young 
essential genes leading to (A) defects in notum 
scutellar morphologies, (B) irregular bristle pattern- 
ing and loss of bristles, (C) necrosis and tissue death 
at multiple places in the notum, (D) tumor formation 
at the junction between scutum and scutellum, (E) 
loss of asymmetric patterning with mirror-like wings 
and ectopic bristles, and (F) possible signaling defect 
with wing notches. Genotypes of flies are shown 
above each image, with scale bars in the lower right 
corners. Yellow arrowheads point to particular pheno- 
typic defects. 
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position, and 19% (3 of 16) for de novo origination 
(table S9, P > 0.4). 

Young essential genes appeared predominantly 
autosomal (57 of 59), with only two X-linked 
(table S2). Only 15% (2 of 13) X-linked genes 
examined were essential for viability, compared 
with the ~30 to 35% observed for both young and 
old autosomal genes (fig. S5), which suggests that 
X-linked genes are less likely to be essential for 
viability (two-tailed Fisher’s exact test, P= 0.047). 

Sequence evolution (8) shows that young es- 
sential genes have higher protein substitution 
rates (fig. S7A; two-tailed Fisher’s exact test, P= 
5 x 10 8) and higher Ka/Ks ratios (ratios of the 
rate of amino acid substitution to silent substitu- 
tion) than their parental genes (fig. S7B; Wilcoxon 
rank test, P = 0.03), likely caused by either re- 
laxation of functional constraint or positive selec- 
tion. We measured the proportion of substitution 
under positive selection (c.) by comparing between- 
and within-species variation (8). We found that 
old essential genes were highly constrained with 
a highly negative o (—1.48) (fig. S8). The essential 
genes aged 11 to ~35 My have a slightly negative 
a. (-0.32), significantly higher than the previous 
group (likelihood ratio test, P < 0.01) (fig. S8). 
The youngest essential genes (<11 My) have a 
positive o (+0.25) (fig. S8), significantly higher 
than the two previous groups and their parental 
genes (likelihood ratio tests, P < 0.01). These 
analyses reveal adaptive evolution with young 
genes and increased purifying selection as genes 
become older, similar to the pattern of Adh- 
duplicated new genes (25). 
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We finally investigated the viability pheno- 
type of the parental genes with available RNAi 
lines (table S10) and retrieved the phenotypic 
information of several additional genes from pre- 
vious studies (/0). We summarized the essential- 
ity relationship between parental gene—new gene 
pairs and found that the parental gene of a young 
essential gene can be either essential or nonessen- 
tial, and vice versa (tables S10 and S11). These data 
suggested that a new essential gene can rise from 
either an essential or a nonessential parent (given 
that it represents the ancestral state of essentiality) 
and that either essential genes or nonessential genes 
can give rise to each type of gene. These processes 
appeared to be relatively independent (table S11, 
Fisher’s Exact test, two-tailed, P = 0.296). 

A previous case study of the sterile phenotype 
of a paternal-effect gene suggested that genes 
essential for fertility could arise in 10 My (26). 
Our observation of lethal phenotypes caused by 
the knockdown of young genes suggested that 
essential vital genes have been frequently gen- 
erated in recent evolutionary periods. A new gene 
might not have become essential immediately 
after its origination. It, however, can integrate 
into a vital pathway by interacting with existing 
genes, and such interaction would be optimized 
by mutation and selection. This coevolution may 
lead to the new gene becoming indispensable. This 
observation is supported by our modeling (8) with 
large-scale interaction data (27, 28), revealing 
genome-wide interactions of young essential genes 
with many previously unrelated genes (fig. S6). 

The mechanism for the evolution of essential- 
ity would change with the types of new genes. A 
de novo gene has to evolve essentiality through 
neofunctionalization because it has no ancestral 
template. A duplicated gene, generated from an 
ancestral copy of its parental gene, could become 


essential from the loss of parents, or from the 
switch of essentiality from paralogs, or through 
subfunctionalization (29). However, in our data set, 
the vast majority of the young essential genes have 
detectable older and conserved paralogs (table S2) 
and experienced rapid sequence evolution (table 
S2 and Fig. S7). The prevalent gene structure ren- 
ovation (table S2), together with the indepen- 
dence between parental gene essentiality and new 
gene essentiality (table S11), support the neofunc- 
tionalization origin of essentiality for most new 
protein-coding genes, many of which may contrib- 
ute to the lineage-specific developmental program. 
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Asymmetric segregation of P granules during the first four divisions of the Caenorhabditis 
elegans embryo is a classic example of cytoplasmic partitioning of germline determinants. It is 
thought that asymmetric partitioning of P granule components during mitosis is essential to 
distinguish germline from soma. We have identified a mutant (pptr-1) in which P granules become 
unstable during mitosis and P granule proteins and RNAs are distributed equally to somatic and 
germline blastomeres. Despite symmetric partitioning of P granule components, pptr-1 mutants 
segregate a germline that uniquely expresses P granules during postembryonic development. 
pptr-1 mutants are fertile, except at high temperatures. Hence, asymmetric partitioning of 
maternal P granules is not essential to specify germ cell fate. Instead, it may serve to protect 


the nascent germline from stress. 


general characteristic of germ cells is the 
presence of cytoplasmic RNA-rich gran- 
ules called germ granules (/). In Caeno- 


www.sciencemag.org SCIENCE VOL 330 


rhabditis elegans, germ (P) granules are present 


in all germ cells except mature sperm, and they 
segregate asymmetrically with the germline pre- 


cursors (P blastomeres) during the first embry- 
onic divisions (Fig. 1A) (2). Like embryonic germ 
granules of other organisms, P granules have been 
hypothesized to harbor the determinants that spec- 
ify the germline. However, their function and 
segregation mechanisms are not fully understood 
(2, 3). 

To monitor P granule dynamics, we used con- 
focal microscopy to image live embryos express- 
ing the P granule protein PGL-1 fused to green 
fluorescence protein (GFP) (4). We obtained similar 
results with GFP fusions to two other P granule 
proteins PGL-3 and GLH-1 (5, 6). In the live movies, 
we analyzed granule dynamics (number, size, and 
movement) and the overall distribution of each 
protein by quantifying total (granular + diffuse cyto- 
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We finally investigated the viability pheno- 
type of the parental genes with available RNAi 
lines (table S10) and retrieved the phenotypic 
information of several additional genes from pre- 
vious studies (/0). We summarized the essential- 
ity relationship between parental gene—new gene 
pairs and found that the parental gene of a young 
essential gene can be either essential or nonessen- 
tial, and vice versa (tables S10 and S11). These data 
suggested that a new essential gene can rise from 
either an essential or a nonessential parent (given 
that it represents the ancestral state of essentiality) 
and that either essential genes or nonessential genes 
can give rise to each type of gene. These processes 
appeared to be relatively independent (table S11, 
Fisher’s Exact test, two-tailed, P = 0.296). 

A previous case study of the sterile phenotype 
of a paternal-effect gene suggested that genes 
essential for fertility could arise in 10 My (26). 
Our observation of lethal phenotypes caused by 
the knockdown of young genes suggested that 
essential vital genes have been frequently gen- 
erated in recent evolutionary periods. A new gene 
might not have become essential immediately 
after its origination. It, however, can integrate 
into a vital pathway by interacting with existing 
genes, and such interaction would be optimized 
by mutation and selection. This coevolution may 
lead to the new gene becoming indispensable. This 
observation is supported by our modeling (8) with 
large-scale interaction data (27, 28), revealing 
genome-wide interactions of young essential genes 
with many previously unrelated genes (fig. S6). 

The mechanism for the evolution of essential- 
ity would change with the types of new genes. A 
de novo gene has to evolve essentiality through 
neofunctionalization because it has no ancestral 
template. A duplicated gene, generated from an 
ancestral copy of its parental gene, could become 


essential from the loss of parents, or from the 
switch of essentiality from paralogs, or through 
subfunctionalization (29). However, in our data set, 
the vast majority of the young essential genes have 
detectable older and conserved paralogs (table S2) 
and experienced rapid sequence evolution (table 
S2 and Fig. S7). The prevalent gene structure ren- 
ovation (table S2), together with the indepen- 
dence between parental gene essentiality and new 
gene essentiality (table S11), support the neofunc- 
tionalization origin of essentiality for most new 
protein-coding genes, many of which may contrib- 
ute to the lineage-specific developmental program. 
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Asymmetric segregation of P granules during the first four divisions of the Caenorhabditis 
elegans embryo is a classic example of cytoplasmic partitioning of germline determinants. It is 
thought that asymmetric partitioning of P granule components during mitosis is essential to 
distinguish germline from soma. We have identified a mutant (pptr-1) in which P granules become 
unstable during mitosis and P granule proteins and RNAs are distributed equally to somatic and 
germline blastomeres. Despite symmetric partitioning of P granule components, pptr-1 mutants 
segregate a germline that uniquely expresses P granules during postembryonic development. 
pptr-1 mutants are fertile, except at high temperatures. Hence, asymmetric partitioning of 
maternal P granules is not essential to specify germ cell fate. Instead, it may serve to protect 


the nascent germline from stress. 


general characteristic of germ cells is the 
presence of cytoplasmic RNA-rich gran- 
ules called germ granules (/). In Caeno- 
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rhabditis elegans, germ (P) granules are present 


in all germ cells except mature sperm, and they 
segregate asymmetrically with the germline pre- 


cursors (P blastomeres) during the first embry- 
onic divisions (Fig. 1A) (2). Like embryonic germ 
granules of other organisms, P granules have been 
hypothesized to harbor the determinants that spec- 
ify the germline. However, their function and 
segregation mechanisms are not fully understood 
(2, 3). 

To monitor P granule dynamics, we used con- 
focal microscopy to image live embryos express- 
ing the P granule protein PGL-1 fused to green 
fluorescence protein (GFP) (4). We obtained similar 
results with GFP fusions to two other P granule 
proteins PGL-3 and GLH-1 (5, 6). In the live movies, 
we analyzed granule dynamics (number, size, and 
movement) and the overall distribution of each 
protein by quantifying total (granular + diffuse cyto- 
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plasmic) GFP fluorescence (Figs. 1 and 2; fig.S2,A interphase, P granules were in a dynamic equilibri- —_ and a bias for growing in the posterior. By the end of 
and B; and movies S1 to S3). P granules behaved um between growing and shrinking phases (movies _ interphase, 85% of P granules in the anterior had 
differently during interphase and mitosis. During S11 to S3), with a bias for shrinking in the anterior disappeared completely or crossed over to the pos- 


Fig. 1. Segregation of the P granule component A WEEP B pptr-1 
PGL-1 in C elegans embryos. (A) Abbreviated em- 

bryonic lineage showing the divisions that give rise to vyecte Mame 2 
somatic (AB, EMS, C, and D) and germline (P, to P4) — eo #3 we oamied 0% © 2 
blastomeres. All cells are shown in interphase except P woo 
for the zygote, which is shown in mitosis. Circles rep- 


AB 
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associated mRNAs, which are degraded in somatic So 


lineages (Fig. 3). 7 v ; Y Germline 
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Fig. 2. P granule dynam- 
ics require par-1, mex-5/6, 
and pptr-1. (A to E) Time- 
lapse images of zygotes 
expressing GFP::PGL-1. 
Images are maximum 
projections of confocal 
Z-stacks spanning 8 um 
(about half of embryo 
depth). P granule num- 
bers are shown in fig. $1. 
MEX-5 and MEX-6 are 
uniformly distributed in 
par-1 embryos, and PAR- 
1 localizes to a reduced- 
size posterior domain in 
mex-5;mex-6 zygotes 
(9, 10). (F) GFP::PGL-1 lev- 
els over time in wild-type 
and pptr-1(tm3103) zy- 
gotes. Error bars are SD 
of mean values from three 
zygotes. In wild-type em- 
bryos, GFP::PGL-1 fluores- 
cence does not decrease 
in the anterior during in- 
terphase, even though 
the number of visible gran- 
ules decreases (Fig. 2A), 
consistent with granule 
disassembly. During mi- 
tosis, GFP::PGL-1 fluores- 
cence and P granule size 
increase in the posterior 
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Relative enrichment of 
GFP::PGL-1 and GFP::GLH-1 in each P blastomere over its somatic sister. Enrichment becomes most pronounced with each division in wild type. No enrichment 
is observed at any division in pptr-1 mutants. Error bars are SD from values obtained from three focal planes in three embryos. 
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terior (15%; n = 41), and the total number of P 
granules had increased (fig. S1A). Although most 
granules became restricted to the posterior (Fig. 
2A), levels of GFP::PGL-1 fluorescence remained 
equal in the anterior and posterior halves of the 
zygote during interphase (Fig. 2F), indicating that 
GFP::PGL-1 was still present in the anterior cyto- 
plasm although not in discrete granules. During 
mitosis, P granules grew in size, fused with each 
other, and decreased in number (Fig. 2A, fig. SLA, 
and movie S1). GFP::PGL-1 fluorescence de- 
creased in the anterior and increased in the pos- 
terior, suggesting that GFP::PGL-1 in the anterior 
cytoplasm was recruited into the posterior granules 
(Fig. 2F). Using a photoactivatable Dendra::PGL- 
1 fusion to permanently label a subpopulation of 
PGL-1, we confirmed that PGL-1 enrichment in the 
posterior involves redistribution of existing PGL- 
1 protein from anterior to posterior with no change in 
total protein levels (fig. S2D). Dendra::PGL-1 dif 
fuses throughout the embryo and diffuses fastest in 
the anterior during mitosis (fig. S2, E and G). We 
conclude that enrichment of PGL-1 in the posterior 
of the zygote does not depend on synthesis or deg- 
radation but correlates with rapid recruitment of 
cytoplasmic PGL-1 into growing granules during 
mitosis. 

P granule asymmetry requires the polarity reg- 
ulators PAR-1, MEX-5, and MEX-6 (7). PAR-1 is 
a kinase that segregates with P granules, and MEX-5 
and MEX-6 are two redundant RNA binding pro- 
teins that segregate opposite P granules in response 
to PAR-1 asymmetry (8). MEX-5 and MEX-6 are 
inherited by somatic blastomeres and turned over 


Fig. 3. P granule components are segregated equally to 
germline and somatic blastomeres in pptr-1 mutants. (A) Fixed 
wild-type and pptr-1 embryos stained with 4,6 -diamidino-2- 
phenylindole (blue) and OIC1D4 (red). Images are maximum 
projections of confocal Z-stacks (spanning entire embryo), 
except for P, and Z2/Z3 images, which show single planes. (B) 
Wild-type and pptr-1 embryos stained for nos-2 and cey-2 
RNAs (black) by in situ hybridization. In pptr-1 embryos, nos-2 
and cey-2 RNAs are present at equal levels in P3 and C, in- 
dicative of symmetric segregation during the Pz division. In 
pptr-1 embryos, as in wild type, nos-2 and cey-2 RNA levels are 
lower in all other blastomeres, indicative of rapid degradation 


of these RNAs in somatic lineages. 
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after 1 or 2 cell divisions (9). We found that PAR- 
1 and MEX-5/6 promote P granule assembly and 
disassembly, respectively. In par-1 zygotes, where 
MEX-5/6 are uniformly distributed, most P gran- 
ules disassembled completely throughout the zygote 
(Fig. 2B). Complete disassembly was dependent on 
MEX-S5/6: In par-1;mex-5/6 zygotes and in mex-5/6 
zygotes, P granules remained in a dynamic equi- 
librium between assembly and disassembly through- 
out the zygote, and P granule number increased 
(Fig. 2, C and D, and fig. S1A). Consistent with 
MEX-S/-6 having a direct role in P granule dis- 
assembly, we observed mCherry::MEX-5 on 
shrinking PGL-1::GFP granules in wild-type em- 
bryos (fig. S1B and movie S4). In mex-5/6 zy- 
gotes, we observed large P granules throughout 
the zygote at meiotic exit and in a small region in 
the posterior at mitosis (Fig. 2C), consistent with 
the localization of PAR-1 in mex-5/6 embryos 
(/0). In contrast, in par-1;mex-5/6 zygotes, P gran- 
ules were fewer and smaller (Fig. 2D and fig. S1). 
These results suggest that PAR-1 promotes P gran- 
ule assembly both directly, by an unknown mech- 
anism most active during mitosis, and indirectly by 
restricting MEX-5/6 to the anterior [also see (7)]. 
Our observations are consistent with an earlier 
study (3), which also concluded that P granule 
asymmetry is driven primarily by localized assem- 
bly and disassembly rather than by granule move- 
ment. That study hypothesized that a local change 
in the concentration threshold for granule assembly 
might be sufficient to promote disassembly in the 
anterior and assembly in the posterior and to en- 
rich PGL-1 in the posterior. Our findings, how- 
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ever, indicate that disassembly during interphase 
and assembly during mitosis are regulated inde- 
pendently and that preferential segregation of 
PGL-1 to the germline depends primarily on gran- 
ule assembly during mitosis. 

Consistent with this hypothesis, in an RNA 
interference (RNAi) screen for genes required for 
GFP::PGL-1 asymmetry, we identified a gene 
necessary to assemble P granules during mitosis 
[see supporting online material (SOM)]. pptr-/ en- 
codes a regulatory subunit of the phosphatase 
PP2A [SOM and (//)]. In pptr-1(tm3103) em- 
bryos, GFP::PGL-1 granules disassembled dur- 
ing mitosis (Fig. 2E), and equal levels of diffuse 
GFP::PGL-1 were inherited by somatic and germ- 
line blastomeres at each division (Fig. 2, F and G, 
fig. S3A, and movie S5). During interphase, 
GFP::PGL-1 reassembled into granules in the germ- 
line daughter but remained diffusely distributed in 
the somatic daughter until after the next division 
(after MEX-5 and MEX-6 have turned over). As a 
result of equal partitioning, GFP::PGL-1 granules 
became progressively fewer and smaller with 
each P blastomere (Fig. 1B and fig. S3A). Staining 
of fixed ppir-1 embryos with antibodies against 
core P granule proteins (PGL-1, PGL-3, GLH-1, 
GLH-2, GLH-4, and the P granule epitope 
OIC1D4) confirmed that P granules disassemble 
at each division in pptr-] mutants (Fig. 3A and 
fig. S4). Granules reformed during interphase in 
each P blastomere but were smaller and fewer 
than in wild type, consistent with 50% or more 
loss of P granule components to somatic blas- 
tomeres at each division (Fig. 3A). Granules also 
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reappeared in somatic cells after the 4-cell stage, 
in a pattern matching the dynamics of MEX-5/6 
turnover (9). By the 100-cell stage, only small 
granules remained, and these were not enriched 
in the primordial germ cells Z2 and Z3 (Fig. 3A 
and fig. S4). We also monitored the distribution 
of two P granule—associated mRNAs, cey-2 and 
nos-2. In wild-type embryos, cey-2 and nos-2 
mRNAs segregate preferentially with P granules 
to the germline blastomeres; lower levels inher- 
ited by somatic blastomeres are rapidly degraded 
after division (/2, 13). In pptr-1 embryos, cey-2 
and nos-2 mRNAs were equally partitioned to 
somatic and germline blastomeres but were still 
degraded in somatic lineages after division (Fig. 
3B and fig. S3C). Similarly, after the 30-cell stage, 
PGL-1 remaining in somatic lineages is degraded 
by the autophagy machinery in wild-type (/4) 
and in pptr-1 embryos (fig. S3B). We conclude 
that in pptr-1 embryos, P granule proteins and 
RNAs are partitioned equally to somatic and 
germline blastomeres but behave differently after 
mitosis in each cell type. In germline blastomeres, 
P granule components remained stable and were 
reassembled into granules, albeit of diminishing 
size and number with each division. In somatic 
blastomeres, P granule RNAs were rapidly de- 
graded; P granule proteins reassembled into gran- 


> 


WT 


pptr-1(tm3103) 


aNOSs-1 GFP:PIE-1 


aPGL-1 


Fig. 4. pptr-1 mutants specify a germline, but a 
minority are sterile at high temperatures. (A) Em- 
bryos expressing GFP::PIE-1 or stained with NOS- 
1 and PGL-1 antibodies. Patterns are identical in 
wild type and pptr-1, except that pptr-1 embryos 
lack GFP::PIE-1 foci seen in wild type (arrows) and 
have lower PGL-1 levels. (B) Adult wild-type and 
pptr-1 hermaphrodites expressing GFP::PGL-1. Go- 
nads are outlined. Most pptr-1 hermaphrodites 
develop a full gonad with gametes (top), but at 
high temperatures a minority (20%) are sterile, 


ules after 1 or 2 cell cycles and were turned over 
after gastrulation. 

Segregation of other asymmetric proteins, in- 
cluding PAR-2, PAR-1, and MEX-S, was not af- 
fected in pptr-/ mutants (fig. SSA). Depletion of 
mex-5/6 by RNAi in pptr-1 mutants stabilized 
P granules in the anterior of the zygote and in 
somatic blastomeres during interphase but not 
during mitosis, indicating that MEX-5/6 are active 
but are not responsible for P granule disassembly 
during mitosis (fig. SSB). PIE-1 is a transcriptional 
repressor required to silence transcription in the P 
lineage (/5). In the cytoplasm, PIE-1 is enriched on 
P granules, and this association has been proposed 
to drive PIE-1’s preferential segregation into germ- 
line blastomeres (/6). Consistent with the lack of P 
granules, in pptr-] embryos, GFP::PIE-1 was not 
enriched on granules during mitosis yet was still 
asymmetrically segregated (Fig. 4A and fig. SSA). 
We conclude that pptr-/ is required specifically for 
P granule partitioning but is not required for the 
segregation of other germ plasm components, which 
can segregate independently of P granules. 

If asymmetric partitioning of P granule com- 
ponents is necessary to distinguish germline from 
somatic blastomeres, then mutants like pptr-/ should 
show defects in germline specification. Primordial 
germ cells do not form in par-1, mex-5/6 mutants, 
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with no gametes (bottom). Fertile pptr-1 gonads are smaller than wild type and yield a reduced number 
of progeny; unlike the P granule defect, however, the brood size defect is partially rescued by zygotic 
pptr-1 (fig. $7). (C) Percentage of sterile hermaphrodites and total numbers scored. Wild type have two 
maternal and two zygotic pptr-1 copies (M2Z2). Mutant pptr-1 hermaphrodites (MOZO) were crossed 
with wild-type males to generate MOZ1, which were allowed to self-fertilize to generate M1Z0, M1Z1, 
and M1Z2. Only MOZO and MOZ1 hermaphrodites show significant sterility, demonstrating maternal 
requirement. pptr-1 is also required maternally for P granule partitioning (fig. $3). 


and mes-] mutants (which missegregate P granules 
in the P, and P3 blastomeres), but these mutants also 
missegregate other factors, notably PIE-1 (77, 78). 
We found that primordial germ cells form normally 
in pptr-I1 embryos: By mid-embryogenesis, we 
detected two cells expressing the germline pro- 
teins NOS-1 and PGL-1 as is observed in wild 
type (4, 73). NOS-1, which is expressed only zy- 
gotically, was expressed at the same level in wild- 
type and pptr-1 embryos (Fig. 4A). In contrast, 
PGL-1, which is expressed both maternally and 
Zygotically at this stage, was lower in pptr-1 embryos, 
consistent with missegregation of maternal PGL- 
1 (Fig. 4A). We confirmed that ppir-] mutants 
express PGL-1 zygotically in primordial germ 
cells using a paternally inherited pg/-/ transgene 
(fig. SSC). Consistent with proper germline 
specification, at 20°C, 100% of ppitr-1 adults 
(n = 5798) were self-fertile with a full germline. 
At higher temperatures (24°C and 26°C), how- 
ever, a minority (~20%) of pptr-1 adults were 
sterile (Fig. 4, B and C). Sterile ppir-7 hermaph- 
rodites had underdeveloped gonads with P granule— 
positive germ cells but no gametes (Fig. 4B). 
Stunted gonad development at high temperatures 
is characteristic of mutants lacking maternal PGL 
or GLH proteins (6, /9), raising the possibility 
that the sterility of ppt-1 mutants is caused by 
the P granule partitioning defect. Consistent with 
this hypothesis, we found that, at 20°C, 15% of 
pptr-1;pgl-1 double mutants (n = 1191) were 
sterile, in contrast to the single mutants (1.3%, 
n= 1959 pgl-1; 0%, n= 5798 pptr-1). Further- 
more, both the sterility and P granule defects of 
pptr-I mutants could be rescued by maternal 
pptr-1 but not by zygotic pptr-1 (Fig. 4C and fig. 
S6). We conclude that P granule partitioning dur- 
ing embryogenesis is not essential to specify 
germ cell fate but is required to promote robust 
germ cell proliferation and differentiation at high 
temperatures. 

Our findings demonstrate that, in C. elegans, 
asymmetric partitioning of P granules during di- 
vision can be uncoupled from the asymmetric 
partitioning of other germ plasm components (such 
as PIE-1) and is not essential to distinguish germ- 
line from soma. Even after inheriting equal levels 
of germ granule components, somatic and germ- 
line blastomeres maintain distinct fates. Therefore, 
why are germ granule components partitioned with 
the germ plasm? Our results suggest that partition- 
ing increases stress resistance in the nascent germ- 
line by maximizing the maternal load of germ 
granule material inherited by primordial germ cells. 
In this regard, it is interesting that pptr-1 also reg- 
ulates insulin signaling (/0), a pathway important 
for stress resistance. Many animals (including 
mammals) do not possess germ plasm and use 
inductive interactions to specify the germline. In 
those animals, germ granules are assembled de 
novo after germ cell specification (20). Our find- 
ings suggest that in animals with germ plasm, 
germ granule assembly is also a consequence, not 
a cause, of an underlying soma-germline distinc- 
tion maintained by other factors. 
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Glucose and Weight Control in Mice 
with a Designed Ghrelin 
0-Acyltransferase Inhibitor 
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Ghrelin is a gastric peptide hormone that stimulates weight gain in vertebrates. The 

biological activities of ghrelin require octanoylation of the peptide on Ser?, an unusual 
posttranslational modification that is catalyzed by the enzyme ghrelin O-acyltransferase (GOAT). 
Here, we describe the design, synthesis, and characterization of GO-CoA-Tat, a peptide-based 
bisubstrate analog that antagonizes GOAT. GO-CoA-Tat potently inhibits GOAT in vitro, in cultured 
cells, and in mice. Intraperitoneal administration of GO-CoA-Tat improves glucose tolerance 

and reduces weight gain in wild-type mice but not in ghrelin-deficient mice, supporting the 
concept that its beneficial metabolic effects are due specifically to GOAT inhibition. In addition to 
serving as a research tool for mapping ghrelin actions, GO-CoA-Tat may help pave the way for 


clinical targeting of GOAT in metabolic diseases. 


he persistent rise in the proportion of 
| overweight individuals in Western society 
over the past 30 years has been associated 


with substantial excess morbidity and is widely 
recognized as a major public health concern. To 
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address this problem, intensive efforts are under 
way to clarify nutrient-hormone interactions con- 
tributing to weight gain. Starting with the isolation 
of leptin (/), a series of hormones acting centrally 
and peripherally to influence body mass have been 
discovered. Among these, the gastric peptide 
hormone acyl ghrelin has generated considerable 
interest as an important stimulus for weight gain 
(2-5) and modulator of glucose homeostasis (6-8). 
Various strategies in therapeutic development have 
been devised to antagonize acyl ghrelin (9, 10), 
although none has yet emerged as clinically ben- 
eficial. Acyl ghrelin has an unusual Ser’ octanoyla- 
tion; only acylated ghrelin can bind and activate the 
growth hormone secretagogue receptor (GHSR-1a). 
The cDNA for the enzyme responsible for this 
esterification, ghrelin O-acyltransferase (GOAT), 
has recently been cloned (//, /2). GOAT has 
been suggested as a potential therapeutic target 
for modulating weight gain and glucose control, 
but this has not yet been directly tested (9, /3). 
An acyl ghrelin product analog Dap-ghrelin blocks 
GOAT activity in a microsomal assay (/4). 


We designed bisubstrate analog GO-CoA-Tat 
based on the theory that if GOAT uses a ternary 
complex mechanism that templates octanoyl-CoA 
and ghrelin peptide, then linking the two sub- 
strates with a noncleavable bridge could combine 
the binding energies of the individual ligands 
without the entropic loss associated with form- 
ing the ternary complex (Fig. 1A). A related strat- 
egy has been used for other peptide-modifying 
enzymes, including histone acetyltransferases (HAT) 
and protein kinases (5, 16). Because we were un- 
certain about the ghrelin peptide length needed 
for recognition by GOAT, we selected amino acids 
1 to 10 for coupling to octanoyl-CoA to maximize 
inclusion of highly conserved ghrelin residues. 
An 11—amino acid oligomer HIV Tat-derived pep- 
tide sequence was also attached to the C terminus 
by an amino-hexanoyl linker to enhance cell pen- 
etration. Synthesis of this tripartite compound, 
GO-CoA-Tat (compound 1), was performed using 
a solid-phase strategy (Fig. 1B). A set of related 
analogs (compounds 2 to 6) with different pep- 
tide lengths and individual deletion of CoA, 
octyl, and Tat, respectively, were also synthesized 
(Fig. 2A) (/7). 

To analyze the cellular effects of GO-CoA- 
Tat, we generated two human cell lines [in HeLa 
(epithelial) and HEK (human embryonic kidney)] 
that stably express GOAT and preproghrelin (see 
fig. SLA) and show robust production of ghrelin in 
both its acyl and desacyl forms when grown in 
medium supplemented with octanoic acid. GO- 
CoA-Tat but not control compound D4-Tat (tetra- 
aspartate, to simulate the negative CoA charge, 
similarly linked to the Tat peptide) inhibited the 
production of acyl ghrelin but not desacyl ghrelin 
with a half-maximal inhibitory concentration of 
~5 uM (Fig. | and fig. $1). Interestingly, maximal 
inhibition was achieved only after 24 hours of ex- 
posure to compound in both preproghrelin/GOAT- 
transfected HeLa and HEK cells (Fig. 1 and fig. 
S1). The slow kinetics might result from either 
atypical enzymatic characteristics or preformed acyl 
ghrelin stores. To further investigate this delay, we 
tested GO-CoA-Tat in vitro with recombinant 
microsomal GOAT (Fig. 2C and fig. S2) using a 
radioactive assay (/4). Virtually complete GOAT 
inhibition was achieved with 100 nM GO-CoA- 
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Glucose and Weight Control in Mice 
with a Designed Ghrelin 
0-Acyltransferase Inhibitor 


Brad P. Barnett,”** Yousang Hwang,2* Martin S. Taylor,”2* Henriette Kirchner,” Paul T. Pfluger, 
Vincent Bernard,” Yu-yi Lin,2° Erin M. Bowers,? Chandrani Mukherjee,’ Woo-Jin Song,* 
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Ghrelin is a gastric peptide hormone that stimulates weight gain in vertebrates. The 

biological activities of ghrelin require octanoylation of the peptide on Ser?, an unusual 
posttranslational modification that is catalyzed by the enzyme ghrelin O-acyltransferase (GOAT). 
Here, we describe the design, synthesis, and characterization of GO-CoA-Tat, a peptide-based 
bisubstrate analog that antagonizes GOAT. GO-CoA-Tat potently inhibits GOAT in vitro, in cultured 
cells, and in mice. Intraperitoneal administration of GO-CoA-Tat improves glucose tolerance 

and reduces weight gain in wild-type mice but not in ghrelin-deficient mice, supporting the 
concept that its beneficial metabolic effects are due specifically to GOAT inhibition. In addition to 
serving as a research tool for mapping ghrelin actions, GO-CoA-Tat may help pave the way for 


clinical targeting of GOAT in metabolic diseases. 


he persistent rise in the proportion of 
| overweight individuals in Western society 
over the past 30 years has been associated 


with substantial excess morbidity and is widely 
recognized as a major public health concern. To 
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address this problem, intensive efforts are under 
way to clarify nutrient-hormone interactions con- 
tributing to weight gain. Starting with the isolation 
of leptin (/), a series of hormones acting centrally 
and peripherally to influence body mass have been 
discovered. Among these, the gastric peptide 
hormone acyl ghrelin has generated considerable 
interest as an important stimulus for weight gain 
(2-5) and modulator of glucose homeostasis (6-8). 
Various strategies in therapeutic development have 
been devised to antagonize acyl ghrelin (9, 10), 
although none has yet emerged as clinically ben- 
eficial. Acyl ghrelin has an unusual Ser’ octanoyla- 
tion; only acylated ghrelin can bind and activate the 
growth hormone secretagogue receptor (GHSR-1a). 
The cDNA for the enzyme responsible for this 
esterification, ghrelin O-acyltransferase (GOAT), 
has recently been cloned (//, /2). GOAT has 
been suggested as a potential therapeutic target 
for modulating weight gain and glucose control, 
but this has not yet been directly tested (9, /3). 
An acyl ghrelin product analog Dap-ghrelin blocks 
GOAT activity in a microsomal assay (/4). 


We designed bisubstrate analog GO-CoA-Tat 
based on the theory that if GOAT uses a ternary 
complex mechanism that templates octanoyl-CoA 
and ghrelin peptide, then linking the two sub- 
strates with a noncleavable bridge could combine 
the binding energies of the individual ligands 
without the entropic loss associated with form- 
ing the ternary complex (Fig. 1A). A related strat- 
egy has been used for other peptide-modifying 
enzymes, including histone acetyltransferases (HAT) 
and protein kinases (5, 16). Because we were un- 
certain about the ghrelin peptide length needed 
for recognition by GOAT, we selected amino acids 
1 to 10 for coupling to octanoyl-CoA to maximize 
inclusion of highly conserved ghrelin residues. 
An 11—amino acid oligomer HIV Tat-derived pep- 
tide sequence was also attached to the C terminus 
by an amino-hexanoyl linker to enhance cell pen- 
etration. Synthesis of this tripartite compound, 
GO-CoA-Tat (compound 1), was performed using 
a solid-phase strategy (Fig. 1B). A set of related 
analogs (compounds 2 to 6) with different pep- 
tide lengths and individual deletion of CoA, 
octyl, and Tat, respectively, were also synthesized 
(Fig. 2A) (/7). 

To analyze the cellular effects of GO-CoA- 
Tat, we generated two human cell lines [in HeLa 
(epithelial) and HEK (human embryonic kidney)] 
that stably express GOAT and preproghrelin (see 
fig. SLA) and show robust production of ghrelin in 
both its acyl and desacyl forms when grown in 
medium supplemented with octanoic acid. GO- 
CoA-Tat but not control compound D4-Tat (tetra- 
aspartate, to simulate the negative CoA charge, 
similarly linked to the Tat peptide) inhibited the 
production of acyl ghrelin but not desacyl ghrelin 
with a half-maximal inhibitory concentration of 
~5 uM (Fig. | and fig. $1). Interestingly, maximal 
inhibition was achieved only after 24 hours of ex- 
posure to compound in both preproghrelin/GOAT- 
transfected HeLa and HEK cells (Fig. 1 and fig. 
S1). The slow kinetics might result from either 
atypical enzymatic characteristics or preformed acyl 
ghrelin stores. To further investigate this delay, we 
tested GO-CoA-Tat in vitro with recombinant 
microsomal GOAT (Fig. 2C and fig. S2) using a 
radioactive assay (/4). Virtually complete GOAT 
inhibition was achieved with 100 nM GO-CoA- 
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Tat within 5 min (Fig. 2C and fig. S2), suggesting 
that the delay in reduction of cellular acyl ghrelin 
levels may reflect a substantial preexisting in- 
tracellular reservoir. We also showed that two 
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chemically modified versions of the inhibitor, GO- 
CoA-Tat-F4BP and GO-CoA-Tat-L5BP, in which 
Phe’ or Leu’, respectively, is replaced with a photo- 
reactive amino acid benzoyl-phenylalanine and 
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Fig. 1. GO-CoA-Tat is a bisubstrate inhibitor that inhibits GOAT, lowering acyl ghrelin levels. (A) Mechanism- 
based design strategy. Lipid-enzyme interaction, not shown, may also be important. (B) Structure of GO-CoA- 
Tat and synthetic scheme for bisubstrate inhibitors that consist of three components: coenzyme A (CoA), 
octanoylated ghrelin peptide (GO), and a Tat peptide. Ahx, aminohexanoate. (C) Temporal inhibition of acyl 
but not desacyl ghrelin production by 6 uM GO-CoA-Tat in GOAT/preproghrelin-transfected HeLa cells. (D) 
Dose-response reduction of acyl but not desacyl ghrelin levels by GO-CoA-Tat in GOAT/preproghrelin- 


transfected HeLa cells after 24 hours of incubation. 


Fig. 2. GO-CoA-Tat targets GOAT directly in vitro 
and in a structure-specific manner. (A) Structure of 
GO-CoA-Tat analogs (1 to 6). (B) Acyl and desacyl 
ghrelin levels after treatment with 6 uM GO-CoA- 
Tat (1) and analogs (2 to 6) from GOAT/preproghrelin- 
transfected HeLa cells after 24 hours. (C) In vitro 
acyltransferase inhibition assay (5-min reaction) 
with microsomal recombinant GOAT. (D) Ultraviolet- 
induced cross-linking of solubilized GOAT by biotin- 
tagged, benzophenylalanine analogs of GO-CoA-Tat 
(L5BP, F4BP) (5 uM). Competitor is GO-CoA-Tat at 
100 uM. Immunoblots of cross-linked GOAT were 
visualized with streptavidin; loading was checked 
with antibody to FLAG. 
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each is tagged with a biotin group, can covalently 
cross-link to recombinant solubilized or micro- 
somal GOAT, providing evidence for direct bind- 
ing of GO-CoA-Tat (Fig. 2D and fig. S2C). This 
cross-linking interaction appears to be specific, be- 
cause it can be blocked by GO-CoA-Tat (Fig. 2D 
and fig. S2C). 

GO-CoA-Tat appears to be a selective GOAT 
antagonist because at 10 1M, it showed less than 
15% inhibition of three acetyl-CoA-ttilizing 
enzymes in vitro, including p300 HAT, p300/ 
CBP-associated factor HAT, and serotonin N- 
acetyltransferase (fig. S3A). Moreover, GO-CoA- 
Tat appears nontoxic to cell viability in the 
concentration range studied and does not antag- 
onize the GHSR-1a receptor (fig. S3, B to G). A 
broader analysis of GO-CoA-Tat (/) and analogs 
(2-6) reveals a requirement for at least 10 ghrelin 
residues, as well as the CoA, octanoyl, and Tat 
components, respectively, for the most potent 
cellular inhibition of cellular GOAT (Fig. 2, A 
and B). These results are consistent with GO- 
CoA-Tat behaving as a bona fide bisubstrate 
analog in antagonizing GOAT activity. Further- 
more, the requirement for the Tat sequence for 
inhibitory activity (see compound 6, Fig. 2B) 
argues that cell penetration is critical, and the com- 
pound is not acting on a cell surface receptor. 

To examine whether GO-CoA-Tat blocks acyl 
ghrelin production in mice, we explored the effect 
of intraperitoneally delivered GO-CoA-Tat at 11 
umol/kg (40 mg per kg of body weight) in wild- 
type (WT) C57BL6 animals on a medium-chain 
triglyceride (MCT) diet (/3). Treatment with GO- 
CoA-Tat, but not D4-Tat control or vehicle, led to 
decreased serum levels of acyl ghrelin (Fig. 3A 
and fig. S4, C and D), with maximum inhibition 
6 hours after administration (Fig. 3A). There was 
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no significant effect on serum levels of desacyl 
ghrelin (Fig. 3B). Because the average ghrelin 
levels were found to vary considerably among 
mice, the statistical significance was most clear 
when acyl ghrelin was expressed as a percent of 
the total (Fig. 3C). These results strongly suggest 
that GO-CoA-Tat targets GOAT in vivo. 

We next examined the effect of GO-CoA-Tat 
on weight gain. WT mice were fed an MCT diet 
over a 1-month period. These mice were treated 
every 24 hours with GO-CoA-Tat (11 umol/kg 
intraperitoneally) and monitored daily for body 
mass. In addition, the mice were subjected to 
quantitative magnetic resonance (QMR) spec- 
troscopy to evaluate the animals’ fat and lean 
mass (/3). These experiments showed that chronic 
GO-CoA-Tat treatment in mice prevented the 
significant weight gain observed in vehicle-treated 
mice on an MCT-rich high-fat diet (Fig. 3D). 
Moreover, the QMR measurements showed that, 
relative to controls, the GO-CoA-Tat-treated 
animals displayed significantly lower fat mass, 
but not lean mass (Fig. 3E and fig. S4, A and B). 

To investigate the potential for GO-CoA-Tat— 
induced generalized toxicity as a source of 
weight loss, we assessed the blood chemistries 
and blood cell counts in the animals after 1 month 
of GO-CoA-Tat treatment. These analyses 
showed no evidence of liver, renal, pancreas, or 


bone marrow toxicities that could account for 
weight loss (fig. S5). Notably, GO-CoA-Tat— 
treated mice displayed lower blood glucose as 
well as lower levels of insulin-like growth factor 
1, which is consistent with endogenous acyl ghrelin 
modulating the somatotropic axis (fig. S5). 

To further understand the effects of GO-CoA- 
Tat, we studied its effects on body weight and 
adiposity in ghrelin knockout mice. In contrast to 
its behavior in WT mice, GO-CoA-Tat did not 
significantly alter weight, fat, or lean mass in 
ghrelin knockout mice (Fig. 3, F and G, and fig. 
S4B). In a separate long-term treatment study, we 
confirmed that during the course of 1 month of 
GO-CoA-Tat administration, ghrelin knockout 
mice gained more weight than otherwise genet- 
ically and age-matched WT mice (fig. S6A). 
Because initial body weights in ghrelin knockout 
mice were reduced compared with WT mice 
(19.7 g versus 21.5 g), these data suggest that the 
GO-CoA-Tat treatment in the WT animals induces 
functional loss of ghrelin, bringing WT and knockout 
animals closer together. The food intake in these 
GO-CoA-Tat—treated WT and ghrelin knockout 
mice was similar (fig. S6B), suggesting that the 
weight differences might be caused by differ- 
ences in metabolic activity as suggested by recent 
GOAT knockout studies (/3), although we have 
not directly tested this. Finally, in an additional 


WT mouse study, we showed that GO-CoA-Tat 
slowed weight gain in WT mice fed a high-fat diet. 
In that study, we observed a relative reduction of fat 
mass without a change in lean mass, but no effect 
on food intake (fig. S7). Taken together, these 
studies suggest that GO-CoA-Tat can specifically 
reduce acyl ghrelin through GOAT inhibition and 
thereby prevent weight gain in mice. 

It has been reported that acyl ghrelin can 
influence glucose homeostasis and insulin secre- 
tion in pancreatic islet cells (6-8, /8—20), although 
the precise impact has varied among different 
studies (8, 13, 20-22). We pretreated human islet 
cells with GO-CoA-Tat and showed that these cells 
displayed a statistically significant increase in 
insulin response to a glucose challenge when 
exposed to GO-CoA-Tat (fig. S8). These results 
suggest that acyl ghrelin plays a direct role in 
blunting insulin response, similar to what has 
recently been reported in humans (22). To inves- 
tigate this in vivo, we studied WT mice that 
received an intraperitoneal glucose challenge of 
2.5 g/kg after pretreatment with GO-CoA-Tat. 
These mice show a significant increase in insulin 
response (Fig. 4A) that was accompanied by a 
reduction in blood glucose (Fig. 4B). We repeated 
this glucose challenge in ghrelin knockout animals, 
and, under these conditions, GO-CoA-Tat did not 
have a significant effect compared either to vehicle 
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Fig. 3. Effects of GO-CoA-Tat on blood ghrelin and body weight A = oo B = ote Cc = oat ies 
in mice. (A) Serum acyl ghrelin levels in WT C57BL6 mice on an 25 =8 30 

MCT diet treated intraperitoneally with 11 mol/kg GO-CoA-Tat © — xe 

versus D4-Tat control (n = 5) after 6, 12, and 24 hours (*P < > 2.0 £6 < F 
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mass in WT mice measured by QMR for experiment in (D). (F) D E 
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treated with 11 umol/kg GO-CoA-Tat (red, n = 5) or vehicle lek ; ** 


(black, n = 5) for 1 month (SEM shown). The larger error bars 
compared with data in (D) likely represent the broader 
distribution of starting weights. Also note that the scales differ 
in the two panels, contributing to the larger error bars seen 
here. (G) Fat mass in ghrelin knockout mice measured by QMR 
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£ Fig. 4. GO-CoA-Tat in- 
6 creases insulin, decreases 
. glucose levels, and down- 
is regulates islet cell UCP2 
2 mRNA. C57BL6 WT mice 
5 raised on normal mouse 
ae chow and treated with 8 
2 umoV/kg GO-CoA-Tat (n = 


4) experienced (A) a statis- 


tically significant increase in insulin secretion and (B) a statistically significant decrease in blood glucose 
as compared with control mice [treated with D4-Tat (n = 4)] when compound was administered 24 hours 
before intraperitoneal glucose challenge (2.5 g/kg) (*P < 0.05, **P < 0.01, SEM shown). (C) 
Immunohistochemical staining of mouse islets. (Left) Insulin (green), ghrelin receptor (GHSR) (red), and 
cell nuclei stained with 4’,6 -diamidino-2-phenylindole (blue). (Middle) Staining of islet for ghrelin 
(white) and insulin (green) demonstrates dual staining and ghrelin-positive and insulin-negative cells. 
(Right) Close-up of unmerged images in boxed area of middle panel. (D) QRT-PCR of islets and (E) 
gastric fundus isolated from mice treated with inhibitor 24 hours before isolation and mRNA expression 


relative to control (n = 3). 


or to its impact on WT animals analyzed in par- 
allel (fig. S9). These data support the hypothesis 
that GO-CoA-Tat’s effects on glucose regula- 
tion are mediated by acyl ghrelin inhibition. It is 
interesting that glucose tolerance tests in GOAT 
knockout versus WT mice have shown mixed re- 
sults (13, 20), which may suggest that the acute 
pharmacologic action of acyl ghrelin inhibition is 
important for the insulin and glucose response 
observed here. 

To further investigate the connection between 
GOAT inhibition and insulin regulation, we studied 
pancreatic islets isolated from mice treated with 
GO-CoA-Tat. As shown in Fig. 4, the insulin- 
producing 8 cells stained positive for GHSR and 
islets exhibited a small population of ghrelin- 
expressing cells, which are distinct from 8 cells 
(Fig. 4C). Quantitative real-time fluorescence 
polymerase chain reaction (QRT-PCR) of islets 
isolated from mice treated with GO-CoA-Tat 
demonstrated a reduction by a factor of 20 in 
UCP2 mRNA (encoding uncoupling protein 2, a 
suppressor of insulin secretion) levels as com- 
pared with islets isolated from D4-Tat—treated 
mice (Fig. 4D) but no change in levels of insulin, 
ghrelin, or GHSR mRNAs. Additionally, QRT- 
PCR showed non-statistically significant effects 
on UCP2 in the gastric fundus (Fig. 4E). Taken 


together, these data point to a tissue-specific role 
for GOAT inhibition in suppressing UCP2 levels 
and enhancing insulin release in response to 
glucose. That GOAT inhibition modulates UCP2 
levels so dramatically further substantiates the 
connection of acyl ghrelin to obesity and type 2 
diabetes (23-25). 

Directly targeting the biosynthesis of the ac- 
tive acyl ghrelin hormone offers several potential 
advantages over receptor antagonists. First, these 
enzyme inhibitors may not need to cross the 
blood-brain barrier, unlike acyl ghrelin receptor 
blockers, for which many of the key sites of 
action are in the brain (2, 26). Second, receptor 
antagonists may drive higher acyl ghrelin forma- 
tion and increase acyl/desacylin ghrelin ratios 
(21, 26-28) that could be blunted by targeting the 
biosynthetic pathway. Finally, targeting an en- 
zyme may have advantages over targeting an 
abundant receptor. Although GOAT inhibitor 
GO-CoA-Tat has some limitations as a peptide- 
based agent, we anticipate that future synthetic 
derivatization will be able to further maximize its 
pharmacodynamic and/or pharmacokinetic prop- 
erties. This report lays the foundation for an 
approach to pharmacologic management of meta- 
bolic disorders through targeted GOAT blockade. 
We note that this strategy also has potential 


application to the targeting of other GOAT-related 
mBOAT (membrane bound O-acyl transferase) 
family members implicated in lipid metabolism 
and in important cancer-related signaling pathways 
such as hedgehog and Wnt (29). 
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The Cellular and Physiological 
Mechanism of Wing-Body Scaling 


in Manduca sexta 


H. Frederik Nijhout* and Laura W. Grunert 


In animals, appendages develop in proportion to overall body size; when individual size varies, 
appendages covary proportionally. In insects with complete metamorphosis, adult appendages 
develop from precursor tissues called imaginal disks that grow after somatic growth has ceased. It 
is unclear, however, how the growth of these appendages is matched to the already established 
body size. We studied the pattern of cell division in the tobacco hornworm Manduca sexta and 
found that both the rate of cell division and the duration of growth of the wing imaginal disks 
depend on the size of the body in which they develop. Moreover, we found that both of these 
processes are controlled by the level and duration of secretion of the steroid hormone ecdysone. 
Thus, proportional growth is under hormonal control and indirectly regulated by the central 


nervous system. 


the most characteristic traits of animals (/—3), 

and although methods for the analysis of 
scaling of appendages and other body parts have 
been described (3-6), the underlying develop- 
mental mechanisms that coordinate the relative 
sizes of body parts with overall body size remain 
largely unknown. Body size is determined by 
genetic and environmental factors. In a constant 
and optimal environment, insects grow to a char- 
acteristic species-specific size. Variation in nutrition 
and temperature can impose systematic deviations 
from this species-characteristic size. Increased rear- 
ing temperature typically results in smaller body 
size (7-9). In the tobacco homworm Manduca 
sexta, the developmental mechanism underlying 
this temperature-size interaction is well understood 
(8). Nutrition, too, can have a profound effect on 
body size (7, 10, 17); in Manduca, variation in 
nutrition can result in variation in adult body mass 
by more than a factor of 2 (/2). 

Wings develop internally as imaginal disks. 
These disks undergo most of their growth after 
the larva has stopped feeding and growing (/3, 14). 
At this stage, the forewing imaginal disk has a dry 
mass of 0.12 (0.03) mg. The dry mass of an adult 
forewing is 26 (+0.6) mg, so >99% of a wing’s 
growth in mass occurs after the larva has stopped 
feeding. Small-bodied adults that develop from 
undernourished larvae have proportionally small 
wings, as expected. This raises an interesting 
problem, however, because the wings do not grow 
at the same time as the body. We sought to identify 
the mechanism that causes the wing disks to grow 
less when they develop in a small body than in a 
large body. 

To investigate how control over the propor- 
tional growth of wings is exercised, we devel- 
oped a system that reliably causes Manduca 
individuals to develop to half their normal adult 
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size by taking advantage of the weight at which 
the endocrine events that culminate in the ces- 
sation of growth and metamorphosis are set in 
motion (the critical weight) in Manduca. Critical 
weight occurs in the middle of the last larval 
instar (15, 16). The last (fifth) larval instar is di- 
vided into the feeding phase, during which the 
larva grows from about 1.2 g to about 12.5 g, and 
the wandering phase, during which the larva 
purges its gut contents in preparation for pu- 
pation. In the strain used for this study, the crit- 
ical weight is about 6.5 g, and larvae enter the 
wandering stage at about 12.5 g, 2.5 days after 
passing the critical weight. 

When larvae were starved at a weight of 6.5 g, 
their development time to the wandering stage 
was identical to that of larvae that were allowed to 
continue feeding. Such starved larvae developed 
into normally proportioned adults of about half 
the mass of normally feeding controls, with wings 
half the mass of normally feeding controls and 
having about half the number of cells. Thus, the 
smaller wing size in adults that developed from 
undermourished larvae was due to a reduction in 
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Fig. 1. Growth of forewing imaginal disks during 
the wandering stage in normally feeding larvae 
and in larvae starved at 6.5 g (first time point). The 
wings of starved larvae stopped growing about 
1 day before those of normally fed larvae. Each 
point is the mean of three to five individuals. Error 
bars show SEM. 
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cell number in almost exact proportion to the 
diminution in wing size. Because the number of 
cells in the diminished wing was half of that in a 
normal wing, the two must differ by one cell 
division, on average. We thus sought to determine 
whether that missing cell division was averaged 
across the entire development of the wing or 
whether a cell division was missing at a particular 
time in development. 

In normal development, there are 390,000 
(£18,000) cells in the wing disk at the time a larva 
passes the critical weight, 1.64 million (+91,000) 
cells at the beginning of the pupal stage, and 8.59 
million (£56,000) cells by the time cell division 
stops and the wing is fully developed. If we 
assume that all cells of the wing divide, then on 
average 2.06 cell divisions occur between the critical 
weight and pupation and 2.38 cell divisions occur 
between pupation and the fully developed wing. 

We examined the pattern of growth of the 
forewing imaginal disks, beginning at the critical 
weight. Cell division in the wing disk stops dur- 
ing the fourth day of the wandering stage, about 
24 hours before pupation; it resumes again 48 hours 
after pupation and stops permanently 6 days later. 
The growth trajectories of forewing disks of nor- 
mally fed control and starved larvae (Fig. 1) show 
that the wing disks of starved larvae grew slower 
than those of fed larvae. The doubling time of cells 
in the wing disks during the first 3 days of growth 
in the wandering stage was calculated to be 1.96 
days in control larvae and 2.12 days in starved 
larvae (see supporting online material). 
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Fig. 2. (A) Mitotic index (metaphases per 1000 
cells) during the wandering stage of wing imaginal 
disks of normally fed control larvae and larvae 
starved at 6.5 g. Each point represents the mean of 
three to five individuals. (B) Ecdysone titers (in 20E 
equivalents) in the hemolymph during the wandering 
stage of normally fed control larvae and larvae 
starved at 6.5 g. Each point represents the mean of 
five to seven individuals assayed in triplicate. Error 
bars show SEM. 
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In addition to having a lower growth rate, the 
disks of starved larvae stopped growing a full day 
before those of normally fed controls (Fig. 1). At 
the beginning of the wandering stage, the number 
of cells in the wing disks of starved larvae was 
85% of that in controls, and when the disks stopped 
growing, those from starved larvae had 52% of 
the number of cells found in controls (Fig. 1). 
The temporal pattern of mitoses in wing disks 
during the wandering stage of normally fed and 
starved larvae (Fig. 2A) shows that cell prolifer- 
ation was slower after the first day and terminated 
a day earlier in starved larvae. 

In the pupal stage, cell division resumed about 
48 hours after pupation, continued for 5 days, and 
then stopped permanently in both feeding and 
starved individuals, with no differences in the du- 
ration of cell division. Pupae from feeding larvae 
had 1.64 million (£91,000) cells at the beginning 
and 8.59 million (+56,000) cells at the end of the 
growth phase. Pupae from starved larvae had 
860,000 (+48,000) cells at the beginning and 4.73 
million (+42,000) cells at the end of the growth 
phase. Thus, in both fed and starved larvae, the 
number of cells in the developing pupal wing 
increased by a factor of 5.35 (¢ test: Ppq = 0.197; 
Pyarved = 9.714). We conclude that the size dif- 
ference between the wings of adults produced 
from fed and starved larvae was almost entirely 
due to differences in growth during the wandering 
phase. We estimate that the reduction of the growth 
rate alone, with an identical duration of growth 
period, would result in a 74% reduction in wing 
size. Similarly, a reduction of the growth period by 
1 day would result in a 73% reduction in wing size. 
Therefore, reduced growth rate and development 
time contribute equally to the reduction of wing 
size at smaller body size. 

We suspected that one or more insect devel- 
opmental hormones might control the pattern of 
cellular growth. In Manduca and Precis, both 
ecdysone and bombyxin (an insect insulin-like 
growth factor) are required for growth of the 
wing imaginal disks in vitro (13, 14). Likewise, 
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in Drosophila and other insects, ecdysone and 
insulin-like growth factors are known to regulate 
growth and size (/7—23). We examined the pro- 
file of ecdysteroid titers during the wandering 
stage of normally fed and starved Manduca larvae 
(Fig. 2B). In starved larvae, ecdysone secretion 
stopped earlier and its levels rose higher than in 
fed larvae. 

These findings suggest that the duration of the 
wandering phase may be determined by the decline 
in ecdysone, and that high levels of ecdysone 
reduce the rate of cell division. Declining titers of 
ecdysone act as timers of developmental events 
during insect metamorphosis (24-26), and we 
examined whether declining ecdysteroids were 
responsible for terminating the wandering phase. 
We injected fed larvae with 50 ug of 20- 
hydroxyecdysone (20E) on days 3 and 4 of the 
wandering stage, a time when their endogenous 
ecdysteroids are declining. These injections extended 
the wandering phase by an average of 18 hours 
(Fig. 3A). 

The resulting adults did not have larger wings 
than those of saline-injected controls; indeed, con- 
trary to our expectation, their wings were sig- 
nificantly smaller (Fig. 3B), which suggests that 
the injected 20E inhibited wing growth. In com- 
parison, injections of a human insulin at various 
times during the wandering stage had no effect on 
the duration of the wandering phase, nor on the 
size of the adult wings (¢ test, P = 0.323). In 
Drosophila, wing and body size are controlled by 
both ecdysone and insulin signaling (/7—2/), and 
in Lepidoptera, in vitro culture has revealed that 
wing disks require both insulin and ecdysone for 
normal growth; the two act synergistically, and 
either factor by itself induces only minor growth 
(3, 14). The fact that insulin injection had no 
effect on wing size in wandering-stage larvae 
suggests that insulin was not limiting at this stage 
and that variation in ecdysone signaling is the only 
relevant factor. Insulin is typically involved in the 
regulation of nutrient-dependent growth (//, 27, 28), 
and because the wandering-stage larva does not 
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Fig. 3. (A) Delay of pupation by injection of 20E (NW = 
20). (B) Reduction of adult forewing size by 20E 
injection. (C) Dose response of forewing imaginal disk 
growth by 20 injection during wandering stage. Dose 
was given three times at 24-hour intervals; percent 
growth indicates the percent increase in dry weight 
relative to saline-injected controls (each point is the 
mean of six to eight individuals). Error bars show SEM. 


feed, it is possible that insulin does not vary during 
this stage. 

To investigate the possible inhibitory effect of 
20E, we ligated larvae behind the head 6 hours 
after initiation of the wandering stage. Neck 
ligation isolates the body and wing disks from 
brain-derived neurosecretory hormones such as 
bombyxin (the lepidopteran insulin-like growth 
factor) and the prothoracicotropic hormone 
(PTTH), which stimulates secretion of ecdyste- 
roids. After waiting 24 hours for endogenous 
hormones to decay, we injected these larvae with 
three doses of 20E at 24-hour intervals and com- 
pared the sizes of their wing disks to those of 
saline-injected controls (Fig. 3C). We observed 
an optimal dosage of about 15 to 20 ug that induced 
maximal wing growth. Doses below and above this 
optimum induced substantially less growth in the 
wing disks. 

We conclude that the early termination of the 
wandering phase in starved larvae was caused by 
the early decline of ecdysteroid titers, which ter- 
minated the growth period of the wing disks. The 
decrease in the growth rate of the disks during the 
wandering phase appears to be caused by an 
elevated titer of ecdysteroids, surpassing the 
optimal level that promotes growth. This finding 
suggests that ecdysone levels can modulate tissue 
growth rates. Our conclusions are further supported 
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Fig. 4. Larvae starved at 6.5 g, 9.5 g, and allowed 
to grow normally to 12.5 g produced pupae of 
3.1 g, 4.7 g, and 5.9 g, respectively (abscissa). 
(A) Corresponding duration of wandering stage. 
(B) Surface area of pupal wing. (C) Cell number in 
pupal wing before cell division starts (VW = 10 to 
14). Error bars show SEM. 
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by findings that growth rate and final body size in 
Drosophila are also influenced by ecdysone signal- 
ing (1/, 19, 20, 29). Moreover, different levels of 
ecdysone signaling are known to have differential 
effects on tissue growth and differentiation during 
metamorphosis (/4, 30). However, it is puzzling 
that decreased wing growth in starved larvae is 
regulated by an increase in ecdysone signaling. In 
principle, an increase or a decrease on either side 
of the optimal concentration should have equiv- 
alent effects (Fig. 3C). It may be that a decrease in 
ecdysone signaling cannot be tolerated because 
other developmental processes occurring during 
the larval-pupal transformation depend on ecdy- 
sone (30). 

Finally, we examined whether wing disk growth 
was modulated to be intermediate at intermediate 
body sizes. We starved larvae at 9.5 g, an inter- 
mediate size between 6.5 g and the normal final 
weight of 12.5 g. Pupal mass, duration of the 
wandering stage, area of the pupal wing, and cell 
numbers of the wing at the beginning of the pupal 
stage were likewise intermediate (Fig. 4). Dura- 
tion of the wandering stage was a nonlinear func- 
tion of body size (Fig. 4A), which suggests that 
body size is the key determinant of the relative 
roles of development time and rate of cell divi- 
sion in adjusting wing size to body size. 

Our results show that the proportional regu- 
lation of wing growth to match body size occurs 
during the wandering stage of the larva, after so- 
matic growth has stopped and before pupation. 
Furthermore, it depends on the timing and level 
of ecdysone secretion, which regulates both the 
duration and rate of growth. Because the brain 
controls the secretion of ecdysteroids via the pro- 


duction of a tropic neurosecretory hormone, PTTH 
(31), these findings imply that the regulation of 
proportional growth of wings is, in effect, controlled 
by the central nervous system. It is still unclear how 
the central nervous system becomes aware of body 
size and uses this information to time the pattern of 
ecdysteroid secretion in the wandering stage. In 
some insects, body size is measured by abdominal 
stretch receptors (32, 33), but there is no evidence 
that such a mechanism operates in Manduca 
(31, 34). Mechanisms that facilitate growth factor 
sensitivity to body size have been postulated 
(4, 34) but not yet demonstrated. Elucidating these 
mechanisms remains one of the great challenges 
in developmental biology. 
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Fetal and Adult Hematopoietic Stem 
Cells Give Rise to Distinct T Cell 
Lineages in Humans 


Jeff E. Mold,” Shivkumar Venkatasubrahmanyam,2* Trevor D. Burt,?? 
Jakob Michaélsson,* Jose M. Rivera,’ Sofiya A. Galkina,* Kenneth Weinberg,” 


Cheryl A. Stoddart,’*+ Joseph M. McCune" t+ 


Although the mammalian immune system is generally thought to develop in a linear fashion, 
findings in avian and murine species argue instead for the developmentally ordered appearance 
(or “layering”) of distinct hematopoietic stem cells (HSCs) that give rise to distinct lymphocyte 
lineages at different stages of development. Here we provide evidence of an analogous layered 
immune system in humans. Our results suggest that fetal and adult T cells are distinct populations 
that arise from different populations of HSCs that are present at different stages of development. 
We also provide evidence that the fetal T cell lineage is biased toward immune tolerance. These 
observations offer a mechanistic explanation for the tolerogenic properties of the developing fetus 
and for variable degrees of immune responsiveness at birth. 


erally believed to induce immune tolerance 
after exposure to foreign antigens (/). In 
the mouse, this tolerogenic tendency has been 
attributed to the absence of a “mature” adaptive 


T= developing fetal immune system is gen- 
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immune system before birth (2). In the human, 
however, fetal exposure to foreign antigens, nota- 
bly maternal alloantigens, can lead to the genera- 
tion of immune tolerance (3—5), even though the 
immune system develops at a substantially earlier 


developmental stage (/, 6). Recently, we reported 
that tolerance induction in the human fetus is in 
part mediated by an abundant population of fetal 
regulatory T cells (Tyegs) (7), a cell population con- 
taining a significantly greater percentage (~15%) 
of total peripheral CD4" T cells in the developing 
human fetus than is found in healthy infants and 
adults (~5%) (8). Unlike adult T cells, we also ob- 
served that fetal T cells exhibit enhanced prolifer- 
ation after exposure to alloantigens and are poised 
to become T,.¢, upon stimulation, a process depen- 
dent on transforming growth factor-B (TGF-B) (5). 
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by findings that growth rate and final body size in 
Drosophila are also influenced by ecdysone signal- 
ing (1/, 19, 20, 29). Moreover, different levels of 
ecdysone signaling are known to have differential 
effects on tissue growth and differentiation during 
metamorphosis (/4, 30). However, it is puzzling 
that decreased wing growth in starved larvae is 
regulated by an increase in ecdysone signaling. In 
principle, an increase or a decrease on either side 
of the optimal concentration should have equiv- 
alent effects (Fig. 3C). It may be that a decrease in 
ecdysone signaling cannot be tolerated because 
other developmental processes occurring during 
the larval-pupal transformation depend on ecdy- 
sone (30). 

Finally, we examined whether wing disk growth 
was modulated to be intermediate at intermediate 
body sizes. We starved larvae at 9.5 g, an inter- 
mediate size between 6.5 g and the normal final 
weight of 12.5 g. Pupal mass, duration of the 
wandering stage, area of the pupal wing, and cell 
numbers of the wing at the beginning of the pupal 
stage were likewise intermediate (Fig. 4). Dura- 
tion of the wandering stage was a nonlinear func- 
tion of body size (Fig. 4A), which suggests that 
body size is the key determinant of the relative 
roles of development time and rate of cell divi- 
sion in adjusting wing size to body size. 

Our results show that the proportional regu- 
lation of wing growth to match body size occurs 
during the wandering stage of the larva, after so- 
matic growth has stopped and before pupation. 
Furthermore, it depends on the timing and level 
of ecdysone secretion, which regulates both the 
duration and rate of growth. Because the brain 
controls the secretion of ecdysteroids via the pro- 


duction of a tropic neurosecretory hormone, PTTH 
(31), these findings imply that the regulation of 
proportional growth of wings is, in effect, controlled 
by the central nervous system. It is still unclear how 
the central nervous system becomes aware of body 
size and uses this information to time the pattern of 
ecdysteroid secretion in the wandering stage. In 
some insects, body size is measured by abdominal 
stretch receptors (32, 33), but there is no evidence 
that such a mechanism operates in Manduca 
(31, 34). Mechanisms that facilitate growth factor 
sensitivity to body size have been postulated 
(4, 34) but not yet demonstrated. Elucidating these 
mechanisms remains one of the great challenges 
in developmental biology. 
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Fetal and Adult Hematopoietic Stem 
Cells Give Rise to Distinct T Cell 
Lineages in Humans 


Jeff E. Mold,” Shivkumar Venkatasubrahmanyam,2* Trevor D. Burt,?? 
Jakob Michaélsson,* Jose M. Rivera,’ Sofiya A. Galkina,* Kenneth Weinberg,” 


Cheryl A. Stoddart,’*+ Joseph M. McCune" t+ 


Although the mammalian immune system is generally thought to develop in a linear fashion, 
findings in avian and murine species argue instead for the developmentally ordered appearance 
(or “layering”) of distinct hematopoietic stem cells (HSCs) that give rise to distinct lymphocyte 
lineages at different stages of development. Here we provide evidence of an analogous layered 
immune system in humans. Our results suggest that fetal and adult T cells are distinct populations 
that arise from different populations of HSCs that are present at different stages of development. 
We also provide evidence that the fetal T cell lineage is biased toward immune tolerance. These 
observations offer a mechanistic explanation for the tolerogenic properties of the developing fetus 
and for variable degrees of immune responsiveness at birth. 


erally believed to induce immune tolerance 
after exposure to foreign antigens (/). In 
the mouse, this tolerogenic tendency has been 
attributed to the absence of a “mature” adaptive 


T= developing fetal immune system is gen- 
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immune system before birth (2). In the human, 
however, fetal exposure to foreign antigens, nota- 
bly maternal alloantigens, can lead to the genera- 
tion of immune tolerance (3—5), even though the 
immune system develops at a substantially earlier 


developmental stage (/, 6). Recently, we reported 
that tolerance induction in the human fetus is in 
part mediated by an abundant population of fetal 
regulatory T cells (Tyegs) (7), a cell population con- 
taining a significantly greater percentage (~15%) 
of total peripheral CD4" T cells in the developing 
human fetus than is found in healthy infants and 
adults (~5%) (8). Unlike adult T cells, we also ob- 
served that fetal T cells exhibit enhanced prolifer- 
ation after exposure to alloantigens and are poised 
to become T,.¢, upon stimulation, a process depen- 
dent on transforming growth factor-B (TGF-B) (5). 
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Given these observations, we hypothesized that the 
human fetal T cell compartment may not simply be 
an “immature” version of the adult T cell compart- 


B 
Fetal (20 g.w.) 


Adult 


ment, but instead one derived from a separate lin- 
eage of T cells that is poised to deliver a tolerogenic 
response to all antigens encountered in utero. 
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Fig. 1. Fetal naive CD4* T cells display functional differences as compared to 
adult naive CD4* T cells. (A) Flow cytometric analysis of the phenotype of naive 
CD4* T cells isolated from fetal mLNs (18 to 22 g.w.) and adult PBMCs (25 to 35 
years old). Top panels depict initial gating on CD3-CD4* T cells, showing 
CD45RA versus CCR7 staining, and bottom panels depict initial gating on 
CD45RA*CCR7* cells (highlighted in black in top panels), showing CD95 
versus CD25 staining. Cells considered to be “naive” CD4* T cells were 


Fig. 2. Fetal and adult naive CD4* T cells show signif- A 
icant differences in gene signature. (A) Unbiased cluster 
analysis on the basis of gene expression for fetal (mLN) 
and adult (PBMC) naive CD4* T cells and CD4*CD25* Tregs. 
(B to D) Scatterplots of pairwise global gene expression 
comparisons comparing (B) fetal naive CD4* T cells and 
adult naive CD4* T cells, (QC) fetal and adult CD4*CD25* Tregs, 
and (D) CD4*CD25* Tyg; and naive CD4* T cells (both 
fetal and adult). Gene expression values are plotted on a 
log scale. Genes that were differentially expressed between 
groups (determined using a 5% false discovery rate and a 
fold change >2) are indicated in red and blue. Specific 
genes that were differentially expressed based on age or 
subset are highlighted in green. 
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CD45RA*CCR7*CD25 CD95 (highlighted in black in bottom panels). Data 
are representative of at least three independent donors. (B) Sorted naive CD4* 
T cells were either left unstimulated or cultured for 6 days in the presence of 
irradiated allogeneic PBMCs. Proliferation of fetal and adult naive CD4* T cells 
was measured by carboxyfluorescein diacetate succinimidyl ester (CFSE) dilu- 
tion and analyzed by flow cytometry. T,.gs were phenotypically identified by 
up-regulation of CD25 and Foxp3. 
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Although the human fetal T cell compartment 


weeks (g.w.) (9), much of what we know about 
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it arises from studies of cord blood obtained at 
birth. A few reports indicate that the majority of 
fetal T cells found at mid-gestation (~16 to 24 g.w.) 
have a surface phenotype comparable to that of 
conventional naive T cells found in neonates and 
in adults (/0—/2). To characterize such cells more 
completely, we analyzed 18- to 22-g.w. fetal CD4* 
T cells obtained from mesenteric lymph nodes 
(mLNs) for the expression of a panel of known 
surface antigens specific for naive CD4" T cells 
in adults and found that many have a phenotype 
(CD45RA*CCR7'CD95 CD25.) similar to that of 
naive adult CD4" T cells (Fig. 1A). Next, we as- 
sessed the proliferative response of sort-purified 
fetal and adult naive T cells to stimulation with 
allogeneic peripheral blood mononuclear cells 
(PBMCs) in a primary mixed lymphocyte re- 
action (MLR). Fetal naive CD4* T cells were 
much more highly responsive to stimulation with 
allogeneic cells: After 6 days of stimulation, more 
than 50% had divided as compared to only ~10% 
of adult naive CD4" T cells. Activated fetal naive 


CD4' T cells were also more likely to adopt a Treg 
fate, as measured by up-regulation of Foxp3 and 
CD25 (Fig. 1B). Although Foxp3 and CD25 can 
be transiently expressed by some T cells as a con- 
sequence of activation, our previous results indi- 
cate that activated fetal T cells exhibit sustained 
expression of Foxp3 and, unlike adult T cells, are 
prone to up-regulate Foxp3 even as a result of 
“spontaneous” activation in tissue culture (5, 7). 
We have also demonstrated that fetal Ty... are 
capable of suppressing both proliferation and 
cytokine production, suggesting that their func- 
tion is similar to that of adult T,egs (5, 7). 

These findings suggested that fetal and adult 
naive CD4" T cells may be phenotypically sim- 
ilar but functionally distinct. To better define the 
differences between the two populations, we per- 
formed gene expression analysis by microarray 
on sorted populations of fetal and adult naive 
CD4* T cells (fig. S1) and found substantial 
differences (Fig. 2, A and B, and table S1). A 
parallel analysis revealed that many of the same 
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quent gating on donor-derived (HLA-A2*) CD3* mature SP4 thymocytes. (B) Flow cytometric analysis of 
the frequencies of CD25*Foxp3* Tregs dervied from fetal liver, fetal BM, or adult BM hematopoietic pro- 
genitors. (C) Quantification of CD25*Foxp3* T,.g frequencies observed in three to five different thymic 
implants from each group. (D) Flow cytometric analysis of proliferation and Foxp3 expression by SP4 
thymocytes derived from fetal liver, fetal BM, or adult BM HSPCs in response to stimulation with irradiated 
allogeneic PBMCs (7-day stimulation). (E) Quantification of the frequencies of CD25*Foxp3* Tyegs after 
stimulation with allogeneic PBMCs. Data show at least three separate implants for each group. Data in bar 
graphs represent mean +SD, and statistical significance was measured by Student's t test. 
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differences that were identified for fetal and adult 
naive CD4* T cells were similar to those found 
for fetal and adult T,.., (Fig. 2, A to C, and table 
S2). We also noted a substantial overlap in genes 
that were abundant in both fetal and adult Tyegs, 
when compared to fetal or adult naive T cells, that 
was consistent with T,.¢ genes identified in 
previous studies (13, 14) (Fig. 2D and tables 
S3 and S4). To understand the relative contribu- 
tions of age and functional phenotype, principal 
components analysis (PCA) of the different CD4" 
T cells was performed. Age (adult versus fetal 
origin) was the largest PC, accounting for 36.1% 
of the observed variance, whereas a second PC 
(functional subtype, naive versus T,-g) accounted 
for 25.9% (fig. S2). The consistent observation of 
differential gene expression in fetal and adult T 
cells (both naive and Tyg) suggests that they 
represent different lymphocyte populations. As is 
individually highlighted in each scatterplot (Fig. 2, 
B and C), this point is illustrated by selected genes 
that were found to be highly expressed within fetal 
or adult T cell populations (fig. S3). 

We hypothesized that adult and fetal human 
T cells are different because they are derived 
from distinct populations of multilineage hema- 
topoietic stem cells (HSCs). Thus, previous work 
in avian and murine models has demonstrated 
that fetal and adult HSCs differ in phenotype 
(/5), tissue localization (/6), functional proper- 
ties (for example, regarding turnover) (/5, 17), 
and developmental potential (7S—20). For exam- 
ple, different populations of HSCs seed the 
murine and avian thymus during fetal develop- 
ment (20, 2/), giving rise to successive waves of 
thymocytes. In the mouse, the earliest to be found 
are dendritic epidermal T cells (DETCs), identi- 
fied by their expression of a specific y6 T cell 
receptor (TCR) (Vy3V81) (18, 20). These cells 
are replaced by a second wave of thymocytes 
with a diverse array of both TCRyé and TCRaB 
cells, which are then replaced by a third wave of 
thymocytes at around the time of birth, in which 
af T cells are the primary population. 

In similar fashion, human fetal af CD4* T 
cells may differ from their adult counterparts 
because they are derived from distinct popula- 
tions of HSCs. During the course of fetal de- 
velopment in humans, the location of the HSC 
pool switches from the aorta gonad mesonephros 
region to the fetal liver and, finally, to the fetal 
bone marrow (BM), where the majority of HSCs 
are thought to reside throughout adulthood (22). 
The first wave of thymocytes is derived primarily 
from HSCs that are present in the fetal liver, 
whereas thymocytes present at later stages of 
fetal development and in adults are likely to 
develop predominantly from BM-derived HSCs 
(22). Thus, besides intrinsic differences between 
fetal and adult HSC populations, there are also 
differences in tissue distribution that could con- 
tribute to different developmental potential (23). 

To determine whether distinct HSC popula- 
tions give rise to distinct lineages of T cells in the 
human fetus, we isolated total CD34* hemato- 
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poietic stem/progenitor cells (HSPCs) (including 
primitive CD34°CD38" HSCs and CD34*CD38* 
progenitors with high proliferative potential) from 
fetal liver (at 18 to 22 g.w.), fetal BM (18 to 22 g.w.), 
and adult BM (19 to 43 years old) (fig. S4). We 
used the SCID-hu Thy/Liv mouse model of thymo- 
poiesis to allow these populations of HSPCs to 
mature into single positive (SP) thymocytes in vivo. 
SCID-hu Thy/Liv mice were generated by engraft- 
ment of fetal thymus and liver from an HLA-A2 
donor into the immunodeficient C.B17 scid/scid 
mouse (24). The animals were irradiated and then 
injected with 500,000 HSPCs isolated from HLA- 
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A2-positive fetal liver, fetal BM, adult BM, or 
vehicle only (n = 5 mice per group) (fig. S4). 
After 7 to 8 weeks, mature thymocytes were har- 
vested from the Thy/Liv implant. At this time, we 
were able to identify donor-derived (HLA-A2*) 
mature CD3* thymocytes [CD3’CD4*CD8" (DP), 
CD3*CD4CD8"* (SP8), and CD3*CD4*°CD8™ 
(SP4)] in each of the groups receiving CD34* 
HSPCs but not in animals receiving vehicle alone 
(figs. S4 and S5). 

We asked whether fetal and adult HSPCs 
might differ in their capacity to generate Teg, in 
the thymus, because fetal T cells appear to be 
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Fig. 4. Fetal and adult HSPCs give rise to SP4 thy- 
mocytes with distinct gene signatures. (A) Unbiased 
cluster analysis based on gene expression for SP4 
thymocytes from fetal BM, fetal liver, and adult BM 
hematopoietic progenitors. (B) Total number of genes 
found to be significantly different, comparing SP4 
thymocytes derived from fetal and adult progenitor 
populations. (C) PCA showing clear separations be- 
tween SP4 thymocyte populations and peripheral T 
cells (PC1) as well as differences between fetal and 
adult SP4 and peripheral naive CD4* T cell popula- 
tions (PC2). (D) Scatterplot depicting genes that are 
differentially expressed between fetal and adult SP4 
thymocytes and between fetal and adult peripheral 


naive CD4* T cells. (E) Scatterplot depicting genes that are differentially expressed between adult and 
fetal naive T cells and between adult naive and adult T,,.,,. For both (D) and (E), differential expression was 
determined using a false discovery rate of <5% and a fold change >2. The significance of overlap 
between groups of genes was determined using a chi-squared test for independence. 


predisposed to generating Foxp3* Tyegs upon 
stimulation in vitro, and there is an abundance of 
Tiegs in the peripheral tissues of mid-gestation 
fetuses (7, 8). Both fetal liver and fetal BM-derived 
HSPCs were found to generate populations of 
CD25'Foxp3’ SP4 thymocytes, whereas adult 
BM-derived HSPCs generated a significantly lower 
frequency of CD25'Foxp3' SP4 thymocytes (Fig. 
3, A to C, and fig. S6). Thus, it appears that fetal 
HSPCs display a heightened capacity to generate 
Tregs during thymic maturation. 

The initial observation that prompted our 
comparison between fetal and adult T cells was 
the elevated proliferation and differentiation of 
fetal T cells into T,.g; after stimulation. To de- 
termine whether SP4 thymocytes derived from 
fetal HSPCs were functionally similar to SP4 
thymocytes derived from adult HSPCs, we 
stimulated whole thymocyte populations in 
vitro with allogeneic antigen-presenting cells in 
a primary MLR (at a 1:3 ratio) and thereafter 
monitored proliferation and Foxp3 expression. 
SP4 thymocytes derived from fetal HSPCs behaved 
similarly to peripheral fetal naive CD4* T cells, 
exhibiting robust proliferative responses and a 
significantly greater expansion of Foxp3" cells 
after stimulation as compared to SP4 thymocytes 
derived from adult HSPCs (Fig. 3, D and E, com- 
pare to Fig. 1B). Thus, we conclude that the func- 
tional differences observed between fetal and adult 
naive T cells in the periphery can be, in part, ac- 
counted for by differences in the progenitor pop- 
ulations from which they arise. 

We next sought to determine whether the gene 
signature of T cells derived from fetal HSPCs was 
different than that of T cells derived from adult 
HSPCs. To make this comparison, HLA-A2" SP4 
thymocytes were sorted from SCID-hu Thy/Liv 
implants injected with fetal liver, fetal BM, or 
adult BM HSPCs, and microarray analysis was 
performed using the same platform previously 
used to test peripheral T cells. This analysis 
revealed that fetal BM- and fetal liver-derived 
HSPCs gave rise to SP4 thymocytes that were 
indistinguishable from one another, indicating that 
the fetal HSPCs in each of these tissues have 
similar developmental potential (Fig. 4, A and 
B, and table S5). In contrast, the transcriptional 
profile of SP4 thymocytes matured from adult 
BM-derived HSPCs was vastly different (Fig. 4, 
A and B, and table S5). Thus, we find that fetal 
HSPCs and adult HSPCs give rise to mature SP4 
thymocytes with profoundly different functional 
properties and gene expression patterns. These 
differences are likely to reflect developmental 
changes in progenitor populations, rather than 
differences related to compartmentalization of 
stem cell subsets. 

Finally, we sought to determine whether the 
differences observed in the gene expression pat- 
terns of peripheral fetal and adult naive CD4* T 
cells could be explained by differences in the fe- 
tal and adult stem cell populations. We performed 
PCA on both peripheral T cells and HSPC-derived 
thymocytes to identify the sources of variation in 
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gene expression and their relative magnitude. In 
this analysis, developmental stage (thymocytes 
versus mature T cells) was found to be the most 
prominent source of variance (PC1, 70.4% of to- 
tal variance), followed by age (PC2, fetal versus 
adult, 6.3%) (Fig. 4C). We observed a significant 
overlap (P= 1.0 x 10 *) between genes that were 
abundant in both fetal naive and fetal HSPC- 
derived SP4 cells (253 probe sets) and genes that 
were abundant in adult naive and adult HSPC- 
derived SP4 cells (79 probe sets) (Fig. 4D). Be- 
cause fetal naive cells displayed a propensity to 
differentiate into T,.¢, as compared to adult naive 
T cells, we performed an additional correlation 
to determine whether fetal and adult naive T cells 
shared a common gene signature with T,eg;. We 
identified a significant number of genes that were 
highly expressed in both adult T,.g, and fetal naive 
T cells, but not in adult naive T cells, some of 
which have been previously implicated as playing 
a specific role in determining T,., fate specifi- 
cation (such as IKZ2 and IKZA4) (Fig. 4E and fig. 
S3). This is also reflected in the PCA performed 
on all T cell subsets (Fig. 4C), which showed that 
fetal naive cells are more closely related to adult 
Tyegs than to adult naive T cells along PC2. We 
can conclude that fetal T cells are a separate pop- 
ulation of cells, distinct from those found in adults, 
and that this in part reflects differences in the 
populations of stem cells, which give rise to the 
T cell compartment across different stages of 
development. 

Our results support the hypothesis that, as in 
mice and birds (2/, 25), in humans the develop- 
ment of the immune system is layered. This hy- 
pothesis suggests that hematopoiesis occurs in 
distinct waves, including an early one that is fetal 
and a later one that is adult, with each generating 
distinct populations of cells that may coexist (layer) 
for a period of time (fig. S7). The propensity for 
fetal CD4" T cells to adopt a T,.g fate upon stim- 
ulation suggests that the initial wave of T cell 
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differentiation may favor a population of T cells 
whose role is to promote tolerance to self (and 
potentially foreign) antigens encountered during 
development. Whether these cells are enriched in 
a specific T,.¢ precursor, which has been sug- 
gested to exist in the adult thymus and periphery 
in mice (26, 27), remains to be determined. Al- 
though the focus of this study has been CD4" T 
cells, the fetal peripheral lymphoid tissues con- 
tain a full array of hematopoietic cells that have 
not been extensively studied and may also be 
distinct from their adult counterparts. For exam- 
ple, although our findings are different from those 
made in the mouse, the results of our study do not 
rule out the existence of a comparable population 
of y5 DETCs in the human fetus. Our findings 
have broad implications for the understanding of 
human hematopoiesis and provide a framework 
for studying a range of biological processes, from 
infectious diseases to transplantation strategies 
and immune tolerance. 
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Tube siRNA Premix includes a specialized buffer that increases the stability of siRNA-reagent 
complexes. The ratio of reagent to siRNA in FlexiTube siRNA Premix is preoptimized to provide 
the highest transfection efficiency and gene knockdown. FlexiTube siRNA Premix is ready-to- 
use for cell transfection. Simply add to cells and incubate. With FlexiTube siRNA Premix, RNA 
interference experiments get off to a faster start, as there is no need to optimize siRNA-to- 
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or eliminated. Multiple transfections can be performed from a single FlexiTube siRNA Premix, 
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Effective and nontoxic DNA and small interfering RNA (siRNA) de- 
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versatile and powerful DNA and siRNA transfection reagent for day- 
to-day experiments. jetPRIME ensures high DNA transfection effi- 
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and the positive control Ambion In Vivo siRNA. The new reagents 
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initial studies. 
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The PEG-Liposome siRNA In Vivo Transfection Kit is designed for 
in vivo transfection of negatively charged molecules—RNA, DNA, 
and small proteins. Transfection is one of the major laboratory 


methods used to introduce DNA and RNA molecules into cells and 
tissues. This technique makes it possible to cross cellular barriers 
and deliver a gene or a small interfering RNA (siRNA) into cells for 
research or therapeutic purposes. The novel PEGylated liposome- 
based siRNA delivery kit is optimized for directed RNA interference 
induction by efficient delivery of functional small RNA molecules 
(sIRNA, shRNA, miRNA) into tissues. The liposome component 
provides in vivo siRNA protection due to efficient siRNA-liposome 
encapsulation. A remarkable feature of this reagent is reduced 
innate immune response and low cytotoxicity due to biodegradable 
PEG modification. 
Altogen Biosystems 
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When working with stored materials, researchers often need to 
isolate RNA from samples that have been stored as formalin-fixed 
paraffin-embedded (FFPE) tissue blocks. Although the tissue struc- 
ture of FFPE samples will have been maintained for histological anal- 
ysis, damage to the nucleic acid may have occurred through the fixa- 
tion, embedding, and storage processes impeding measurements 
of gene expression levels. ExpressArt FFPE RNAready overcomes 
the limitations associated with RNA degradation and interference 
from RNA cross-linking in FFPE tissues. The FFPE RNAready kit ef- 
ficiently isolates and preserves mRNA using a specially developed 
lysis solution and an innovative universal inhibitor of RNases that dis- 
places tightly bound RNA from high-molecula-weight aggregates. 
Subsequent treatment with a unique de-modification reagent re- 
verses formalin induced cross-links, resulting in total RNA optimized 
for reverse transcription reactions and subsequent downstream ap- 
plications. FFPE RNAready together with ExpressArt RNA amplifi- 
cation TRinucleotide primer technology is now available to amplify 
microgram quantities of high quality RNA from very small amounts 
of degraded total RNA, with minimal loss of sequence. 
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POSITIONS OPEN 


Yale 


ELECTROPHYSIOLOGY 
RESEARCH ASSOCIATE 


Position available at Yale University School of Med- 
icine for a Ph.D. or M.D. with experience with patch- 
clamp or intracellular recording to join a multidisciplinary 
research group studying channel biology and chan- 
nelopathies. Incumbent will be expected to play a sig- 
nificant role in studies of contribution of ion channels in 
neuronal electrogenesis in normal and injured neurons. 
Experience with voltage-gated channels and or DRG 
neurons is desirable. The position at Postdoctoral or 
Associate Research Scientist presents a superb oppor- 
tunity to collaborate with cell and molecular biologists, 
pharmacologists, and clinicians. Send statement of in- 
terest, curriculum vitae, and three letters of reference to: 
Stephen G. Waxman, M.D., Ph.D., Director, Neuro- 
science and Regeneration Research Center, VA Con- 
necticut (127A), 950 Campbell Avenue, West Haven, 
CT 06516. E-mail: stephen.waxman@yale.edu. Women 
and members of underrepresented minority groups are encouraged 


to apply. Affirmative Action/Equal Opportunity Employer. 


ASSISTANT PROFESSORSHIPS 

California State University, Northridge invites ap- 
plications for two tenure-track positions in the De- 
partment of Biology, starting August 2011. Applicants 
must have a Ph.D. and postdoctoral experience. Each 
successful candidate shall develop a vigorous research 
program involving undergraduate and M.S. students, 
seek extramural research funding, and demonstrate 
teaching excellence. 

MICROBIOLOGIST: Research interests in pro- 
karyotic systems biology using laboratory-based experi- 
mentation with applied or biotechnological applications. 
Teaching options include general microbiology, applied 
microbiology, biotechnology, graduate seminar, and in- 
troductory biology. Submit to e-mail: microsearch@ 
csun.edu. 

CELL BIOLOGIST: Candidates specializing in 
regulatory mechanisms involved in cell signaling, cell 
growth, cell differentiation, cytoskeleton dynamics, and 
other physiological processes in eukaryotic cells. Teach- 
ing options include introductory biology, physiology, 
cell biology, and specialty courses in candidate’s area of 
expertise. Submit to e-mail: cellbiosearch@csun.edu. 

Applicants should submit a cover letter, curriculum 
vitae, three letters of recommendation, summary of 
teaching experience, statements of teaching philosophy 
and research interests, and three publications. Electronic 
submissions are strongly encouraged. For more informa- 
tion website: http://www.csun.edu/facultyaffairs/ 
openings/sm/. Screening will begin on 15 February 
2011. 

The University is an Equal Opportunity /Affirmative Action 
Employer and does not discriminate on the basis of race, religion, 
national origin, sexual orientation, gender, marital status, age, dis- 
ability, disabled veteran, or Vietnam-era veteran status. 


POSTDOCTORAL FELLOWSHIPS in 
Plant Biotechnology 


Queensland University of Technology and the Uni- 
versity of Sydney have received funding under the ARC 
Super Science Fellowships scheme for a collaborative 
project entitled “Extreme expression: building a plat- 
form for industrial plant biotechnology”. We are seek- 
ing two postdoctoral fellows to join our expert team of 
investigators who are using a variety of new molecular 
approaches to explore extreme expression of medical 
and industrial proteins in plants. One of the positions 
will be based in Brisbane with Professor James Dale 
in the Centre for Tropical Crops and Biocommodities 
and the other will be based in Sydney with Professor 
Peter Waterhouse in the Plant Molecular Genetics 
Group. 

Apply through website: http://www.qut.edu. 
au/jobs/. 

Job Reference: 10367. 
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OPEN RANK FACULTY POSITIONS 
University of Illinois at Urbana-Champaign 
Department of Comparative Biosciences 


The Department of Comparative Biosciences at the 
College of Veterinary Medicine, University of Illinois 
at Urbana-Champaign invites applications for two 
open positions at the ASSISTANT, ASSOCIATE, or 
FULL PROFESSOR level. Candidates must possess 
a Ph.D. or equivalent degree. Postdoctoral training is 
preferred. Candidates currently at the Associate or Full 
Professor rank with federal funding are especially en- 
couraged to apply. The successful candidates will par- 
ticipate in the professional and graduate curricula and 
develop research programs that complement existing 
department and campus strengths in developmental 
and reproductive biology, endocrinology, neuroscience, 
environmental toxicology, stem cell biology, and can- 
cer biology. Full information about the department 
is available at website: http: //vetmed.illinois.edu/ 
cb/index.html. The positions are regular, full-time, 
9-month, tenured or tenure-track appointments, and 
are available August 2011. Salary and rank will be com- 
mensurate with qualifications. 

Qualified applicants should apply online at website: 
https://jobs.illinois.edu. Applications should include 
a cover letter including a research statement, curriculum 
vitae, and contact information for three references. Ques- 
tions may be directed to Dr. Jodi Flaws, chair, e-mail: 
jflaws@illinois.edu or telephone: 217-333-7933. 

In order to ensure full consideration, applications 
must be received by February 1, 2011. Women and minor- 
ities are encouraged to apply. The University of Illinois is an Equal 
Opportunity Employer. 


FACULTY POSITION 
Florida Institute of Technology 
Department of Biological Sciences 


Florida Institute of Technology (website: http:// 
www.fit.edu), an independent, technological univer- 
sity located on Florida’s east coast, invites applications 
for an ASSISTANT or ASSOCIATE PROFESSOR 
position beginning in fall 2011. Candidates must have 
a Ph.D. degree, relevant postdoctoral experience, and 
expertise in cell or molecular biology. They must be 
prepared to teach undergraduate biochemistry, as well 
as graduate courses in biotechnology and their area 
of specialization. Successful candidates are expected 
to have an active, externally funded research program. 
Areas of interest include but are not limited to plant 
biology and large marine vertebrates. Review of appli- 
cations will begin January 15. Women and minorities 
are strongly encouraged to apply. Submit a cover letter, 
detailed curriculum vitae, statements of research in- 
terests and teaching philosophy, up to three reprints of 
publications, and contact information for three refer- 
ences to: Professor Mark B. Bush (e-mail: mbush@ 
fit.edu), Department of Biological Sciences, Florida 
Institute of Technology, 150 W. University Boule- 
vard, Melbourne, FL 32901-6975. 

Florida Institute of Technology is an Equal Opportunity/ 
Affirmative Action Employer. 


POSTDOCTORAL POSITION at 
The University of Southern California 


Postdoctoral Position in Dr. Yang Chai’s labora- 
tory is available immediately for individuals with strong 
Molecular and Developmental Biology background 
at the Center for Craniofacial Molecular Biology Uni- 
versity of Southern California. The successful appli- 
cants will join a large interactive multidisciplinary team 
of scientists in a strong academic environment focus- 
ing on the molecular regulation of craniofacial devel- 
opment. For more details, please visit the website: 
http://www.usc.edu/hsc/dental/cemb. Send resu- 
me to: Dr. Yang Chai, C/O Ms. Patricia Thompson, 
e-mail: pathomps@usc.edu. 
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DEPARTMENT CHAIR 
Department of Population Medicine and Diagnostic Sciences - #13859 


The College of Veterinary Medicine at CORNELL UNIVERSITY invites applications for the 
position of Chair of the Department of Population Medicine and Diagnostic Sciences 
(http://www.vet.cornell.edu/popmed/). The department has academic faculty in Epidemiology, 
Ambulatory and Production Medicine, and in the Animal Health Diagnostic Center (AHDC). We 
seek an individual to lead the Department in all aspects of academic activity, including stewardship 
of personnel and resources. In collaboration with the faculty, the Chair is expected to foster excellence 
in education, clinical and diagnostic service, and research for the advancement of animal and human 
health. The Chair provides oversight for the recruitment, retention and professional development of 
faculty and staff, works closely with the Executive Director of the AHDC to coordinate department 
and Diagnostic Laboratory functions, participate in fundraising, and is expected to pursue scholarly 
activities in his/her area of expertise. 


Located in the heart of the beautiful Finger Lakes Region of New York State, Cornell University is a 
center for discovery, academic leadership, and service. Committed to achieving excellence through 
cultural diversity, we welcome candidates who will create a climate that attracts students of all races, 
nationalities and genders. The College of Veterinary Medicine also seeks to meet the needs of dual 
career couples through Cornell's Dual Career Program and membership in the Upstate New York 
Higher Education Recruitment Consortium http://www.upstatenyherc.org/home/index.cfm? 
site_id=671. 


Qualifications: Applicants must hold a veterinary degree or a PhD in a discipline relevant to 
department interests. For veterinary graduates, there must be evidence of further postgraduate 
education in the form of diplomate status in a recognized specialty board and/or advanced degrees. 
The successful candidate will have strong leadership capabilities, a record of active participation in 
academic affairs, and evidence of balance and excellence in teaching, research and/or clinical 
activities that are appropriate to the interests of the Department of Population Medicine and 
Diagnostic Sciences and the College of Veterinary Medicine. Applications will be reviewed 
beginning 15 January 2011 and continue until the position is filled. Interested individuals are asked 
to submit curriculum vitae, letter of intent, and the names and addresses of three references to the 
Chair of the Search Committee: Professor Doug Antczak, c/o Jill Short, Cornell University, 
College of Veterinary Medicine, S2-005 Schurman Hall, Ithaca, New York 14853. Electronic 
applications are preferred (pmdschairsearch@cornell.edu). 


Cornell University 
Cornell University is an affirmative action/ 
equal opportunity employer and educator. 


DEAN 


CAL POLY POMONA College of Science 

California State Polytechnic University, Pomona (Cal Poly Pomona) invites nominations and applica- 
tions for the position of Dean of the College of Science. The Dean is the chief academic officer of the 
College of Science and provides academic leadership for faculty, staff, and students in the college. We 
seek a scholar with a vision for promoting excellence in undergraduate and graduate teaching, research 
and other scholarly activities, as well as service. Candidates should have outstanding leadership, man- 
agement, and interpersonal skills, a record of excellence in teaching and securing extramural funding, 
and a significant record of department, college, and university service. The successful candidate will 
be expected to articulate and implement a vision for expanding faculty research productivity in a way 
that enhances our educational programs. Detailed information about this position may be found online 
at http://sci.csupomona.edu/dean_search/. 


One of eight Colleges on the campus, the College of Science has approximately 2,400 undergraduate 
majors in eight degree programs offered by six academic departments: Biological Sciences, Chemistry, 
Computer Science, Geological Sciences, Mathematics and Statistics, and Physics. Master’s degree pro- 
grams enrolling approximately 200 students are offered in Biological Sciences, Chemistry, Computer 
Science, and Mathematics. The College of Science is committed to excellence in teaching and scholar- 
ship and is the largest single recipient of extramural funding on campus. Additional information about 
the College may be found online at http://sci.csupomona.edu/. 


Cal Poly Pomona, located about 30 miles east of downtown Los Angeles, is one of 23 campuses in 
The California State University system. The University has an ethnically diverse student population of 
20,000. Students are enrolled in 62 undergraduate majors and 19 master’s degree programs. Additional 
information about the University may be found online at http://www.csupomona.edu/. 


Review of applications will begin on February 15, 2011 and will continue until the position is filled. The 
University seeks to fill this position by summer 2011, however, later dates are possible. Applicants must 
forward (1) a letter of interest, which explains in detail the candidate’s administrative philosophy and 
vision; (2) a curriculum vitae; and (3) the names and contact information of five references to: Search 
Committee, Dean of the College of Science, c/o Marissa Martinez, Search Coordinator, Office of the 
Provost and Vice President for Academic Affairs, California State Polytechnic University, Pomona, 
3801 West Temple Avenue, Pomona, California 91768; E-mail: deanscisearch@csupomona.edu. 


California State Polytechnic University, Pomona is an Equal Opportunity, Affirmative Action 
Employer. Cal Poly Pomona subscribes to all State and Federal regulations and prohibits 
discrimination based on gender, race, sexual orientation, national origin, disability, marital status, 
age, religion, or covered veteran § status. 
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HEALTH S¥STEM 
UNIVERSITY OF VIRGINIA 
SCHOOL OF MEDICINE 


DIRECTOR OF ORTHOPAEDIC 
RESEARCH 


The Department of Orthopaedic Surgery at the 
University of Virginia is seeking a research sci- 
entist who has experience with musculoskeletal 
research. This is a tenure-track position at the 
Associate or Full Professor rank. Applicants are 
to have a Ph.D. or equivalent and a record of suc- 
cess in attaining funding as a Principal Investigator 
on Federal grants such as an ROI or equivalent. 
A successful applicant will be expected to estab- 
lish an independent research program that will 
attract and maintain Federal ongoing extramural 
support as well as national recognition for their 
research. Research areas of experience include 
cellular genetics, biochemistry, biomechanics 
or biomedical engineering applied to the mus- 
culoskeletal system. The Director is responsible 
for the overall development and the expansion of 
the laboratory through his/her research program 
and by collaboration with investigators from the 
School of Medicine and the University. As a part 
of the directorship, the laboratory budget must be 
managed and balanced. 


This position will also mentor junior faculty and 
post-doctoral personnel with their independent 
research activities. Oversight of educational 
symposia and basic science lectures are also 
expected to foster research collaboration as well 
as to educate the trainees in fellowships and 
residencies. 


The University of Virginia in Charlottesville offers 
a unique combination of natural beauty, rich his- 
torical and cultural attractions, and close proximity 
to both a national park and the nation’s capitol. 


Relevant experience in basic or clinical 
research with a potential for success in a career 
in academic medicine is required for the tenure- 
eligible position. A record of scholarship and a 
national reputation in clinical education and/or 
clinical research is required for a tenured posi- 
tion as Full Professor. 


The faculty rank and salary compensation will be 
commensurate with experience and achievement. 
This position will remain open to applications 
until filled. 


To apply visit https://jobs.virginia.edu and 
select posting number 0606798 for Full Profes- 
sor or posting number 0606620 for Associate or 
Assistant Professor. Complete the candidate pro- 
file online and attach a cover letter, CV, a descrip- 
tion of their research and their research interests 
and contact information for three references. 


For further information about this position or 
for questions regarding the application process, 
please contact: 
Cheryl] Etelvari 
Assistant for Faculty Recruitment for 
Mark F. Abel, MD 
Lillian T. Pratt Distinguished Professor 
and Chair 
Department of Orthopaedic Surgery 
University of Virginia Health System 
PO Box 800232 
Charlottesville, VA 22901 
E-mail: cle4n@virginia.ed 
Telephone: 434-982-0893 


The University of Virginia is an Equal 
Opportunity/Affirmative Action Employer. 
Women and members of under represented 

groups are encouraged to apply. 
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LILIANE BETTENCOURT PRIZE 
FOR LIFE SCIENCES 


for Life Sciences has 
been awarded to the outstanding leader of modern immunobiology, 
Bruno Lemaitre, Professor of Genetics at the Ecole Polytechnique Fédérale 


de Lausanne, Switzerland. 


Bruno Lemaitre’s research interest is focused on innate immunity and particularly 
on mechanisms of microbial infection and host defense response. By using 
genetic and genomic approaches of the fruit fly Drosophila model, he demonstrated 

that Imd and Toll pathways are involved in antimicrobial responses in insects and that 
they allow to discriminate the responses to infection by Gram-negative and 


Gram-positive bacteria and fungi. He identified also the bacterial determinants 
recognized by these pathways as well as bacteria that can infect Drosophila through 
the digestive tract and initiate a potent innate immune response. 


Currently, Bruno’s group explores the mechanisms that make the gut an efficient and 
interactive barrier despite its constant interactions with microbes. This fundamental 
knowledge generated on Drosophila immunity will have a great impact on our unders- 


tanding of mammalian, in particular human immunity. 


for Life Sciences of € 250,000 

is an essential part of the Bettencourt Schueller Foundation’s commitment to 

Biomedical Research. It aims to support a top-level European researcher under the age 

of 45, along with his or her team, to pursue their work in the field of Life Science. 

The international Jury for the Award is chaired by Professor Pierre Corvol, 

Administrator of the Collége de France, member of the American Academy of Arts 
and Sciences and of the French Academy of Sciences. 


The Bettencourt Schueller Foundation was created in 1987 by Mrs. Liliane Bettencourt, 
in memory of her father, the late Eugéne Schueller, founder of L’Oréal. Its mission 
is to encourage entrepreneurship in Sciences, Arts and Social Commitment. 

The Foundation Bettencourt Schueller dedicates around 55 % of its total budget to 
finance scientific education and to directly support researchers. 


Fondation 
Bettencourt Schueller 
27-29, rue des Poissonniers 
92200 Neuilly-sur-Seine — France 
www.fondationbs.org 
Contact: mw@fondationbs.org 
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Max-Planck-Institut fiir Immunbiologie 


Max Planck Institute of Immunobiology 


The Max Planck Institute (MPI) of Immunobiology in Freiburg, Germany is 
offering 


Postdoctoral positions 


in the Laboratory of Chromatin Regulation (Head: Dr. Asifa Akhtar). The positions 
are available for an initial two-year appointment with the possibility of extension. 


The research focus of the Akhtar laboratory includes mechanisms underlying 
chromatin and epigenetic regulation. The lab mainly uses dosage compensation 
of the male X chromosome in fruit flies as a model system employing multidisci- 
plinary approaches such as genetics, biochemistry, functional genomics as well 
as cell biology and structural biology. Furthermore, we are currently expanding 
our efforts to explore conservation of function in mammalian models. 


We are looking for enthusiastic, highly-motivated, science-driven and experi- 
enced postdoctoral fellows to join our team to unravel the molecular mechanisms 
that regulate gene expression. 


Applicants should have a PhD or equivalent doctoral degree with at least 3 years 
of proven research experience in molecular biology, biochemistry and/or high- 
throughput analysis. Prior experience working in Drosophila or mouse models is 
highly encouraged. Candidates must have a strong publication record. Further- 
more, the ability to work in a team, communication skills and experience in the 
supervision of graduate students are an asset. 


The MPI in Freiburg is an international research institute at the cross-road of 
Southern Germany, Switzerland and France. The working language is English. 
State-of-the-art infrastructure and service units, including transgenesis, mass 
spectrometry, proteomics, flow cytometry, fly and imaging facilities are available. 


Salaries will be according to postdoctoral fellowships of the Max-Planck-Society 
or TV6D and will commensurate with experience. A childcare facility is directly 
attached to the Institute. Women are especially encouraged to apply; handicapped 
applicants with equal qualifications will be given preferential treatment. 


Please send your application, including a statement of research interests, a CV 
and three references indicating the reference number 021110 to Ms. Weigold at 
weigold@immunbio.mpg.de. 


Deadline for applications is 31 January 2011. 


SCHOOL OF MEDICINE 


INTDEAS A DNIVENMSETY 


Faculty Position 
Department of Pharmacology and Toxicology 


The Department of Pharmacology and Toxicology at Indiana University 
School of Medicine in Indianapolis invites applications from outstand- 
ing individuals for a faculty position at the Assistant or Associate 
Professor level. A Ph.D. and/or M.D. degree with at least 3 years of 
postdoctoral research experience and a strong track record of academic 
achievement is required. Successful applicants will be expected to 
establish a vigorous research program supported by extramural fund- 
ing and participate in teaching/mentoring of graduate and medical 
students. Outstanding candidates working in all areas of molecular 
and cellular signaling are invited to apply. Preference will be given to 
candidates with research interests and experiences that complement 
or strengthen our existing programs (http://pharmtox.iusm.iu.edu), 
particularly apoptosis, drug action and resistance, epigenetics and gene 
regulation, and host-pathogen interactions. Startup package includes a 
highly competitive salary, generous startup funds and ample laboratory 
space, plus access to exceptional core facilities in a highly interactive 
scientific environment with many multidisciplinary centers (http: 
//www.medicine.iu.edu/research). 


The search committee will begin considering applications immediately 
and continue until the position is filled. Interested individuals should 
senda cover letter, curriculum vitae, a summary of past research accom- 
plishment and future plans (2-3 pages), and the names and addresses 
of 3 references via electronic format to: Chair of the Search Com- 
mittee, Department of Pharmacology and Toxicology, IU School of 
Medicine at phtxjobs@iupui.edu. 


IU is an EEO/AA Employer, M/F/D. 
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YOUNG INVESTIGATOR / GROUP LEADER 


The Research Centre for Infectious Diseases (ZINF) of the University of 
Wurzburg seeks a new group leader for its young investigator program. 
We are interested in researchers with postdoctoral experience and 
international recognition in the general fields of microbiology, cell 
biology, parasitology, immunology, or host-pathogen interactions. 
Candidates using emerging imaging and sequencing technologies to 
study new aspects of pathogenesis are preferred, but all outstanding 
scientists are encouraged to apply. 


The successful candidate will be appointed for a period of 5+2 years. 
Salary (E14/15) will be commensurate with training and experience. 
The position includes laboratory operating expenses and salaries for 
additional personnel (postdoc, graduate student, and technician), and 
laboratory space in a recently finished 9,000 m’ state-of-the-art 
research building with bio-containment, molecular imaging, high- 
throughput genomics, and animal facilities. The building is specifically 
designed to foster collaborative research, and houses eight additional 
young investigator groups as well as laboratories run by faculty 
members. See www.infektionsforschung.uni-wuerzburg.de for 
more information. Informal inquiries about the posts can be made to 
Profs. Jérg Vogel (joerg.vogel@uni-wuerzburg.de) or Matthias Frosch 
(mfrosch@hygiene.uni-wuerzburg.de). 


Interested individuals should send, by February 15, 2011, a one-page 
description of research interests and future directions; CV including list 
of publications; the names of three academic references. We may 
request short-listed candidates to submit a more detailed research 
proposal. Preference will be given to handicapped persons in case of 
otherwise equal aptitude. The University aims at increasing the 
proportion of female employees. Applications from qualified women 
are therefore particularly welcome. Applications should be addressed 
to the spokesperson of ZINF, Prof. Dr. Matthias Frosch and sent 
via mail to kristina.schaeffer@uni-wuerzburg.de. 


Positions in Environmental Biology/Biodiversity Studies 


Associate Professor/Assistant Professor 
Department of Biological Sciences 


The Department of Biological Sciences, National University of Singapore 
(NUS), invites applications for two tenure-track faculty positions at the 
Assistant/Associate Professorship level in Environmental Biology/Biodiversity 
Studies. Candidates with research background in relevant fields are invited 
to apply but we are particularly interested in applications from climate 
change biologists, environmental modellers, ecotoxicologists, urban 
ecologists, aquatic microbial and algal biodiversity/ecologists. 


An interest in tropical environments will be an advantage. Candidates 
should have a PhD. with relevant postdoctoral experience, an outstanding 
publication record, and a strong commitment to both teaching and 
research. Successful applicants will join a growing Environmental Biology 
group within a diverse and highly successful Department of Biological 
Sciences. The Department has 60 full-time faculty members and over 260 
graduate students from 16 countries. Facilities and research support are 
world-class. NUS currently ranks high in the Times Higher Education World 
University Rankings. Please visit our website at www.dbs.nus.edu.sg/ for 
further details of the Department and its research and teaching programs. 
Competitive salary and perks will be offered. 


Interested candidates should forward a letter of intent describing their 
career goals, research plans, teaching interests, curriculum vita and 
arrange for three reference letters directly sent to: 


Chair, Environmental Biology Search Committee (c/o Ms Lisa Lau) 
Department of Biological Sciences 

National University of Singapore 

14 Science Drive 4 

Singapore 117543 

Fax: (65) 6779 5671; Email: dbsjobs@nus.edu.sg 


Closing date of application: 15 March 2011 


Creating a brighter 
tomorrow 


Since the fall of 2010, KTH has expanded 
research activities in six strategic areas, 
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Please visit www.kth.se/sra for more 
information about the available positions, 
our research and KTH. 


KTH, founded in 1827, is Sweden's leading technical university. 
We account for one-third of Sweden’s technical research and 
engineering education capacity at a university level. Education 
and research cover a broad spectrum — from the natural 
sciences through all the branches of engineering, as well as 
architecture, industrial engineering and management, urban 
planning, work science and environmental engineering. 


This platform is designed to provide an exchange tool between 
the research scientists and Inserm laboratories and/or teams, 
offering opportunities to develop creative research programs in their 
given environments. 


Inserm is the only French public institution dedicated to biomedical research and public 
health. 


Inserm’s principal mission is to facilitate exchange between: 
e Basic research 
e Clinical research 


e Therapeutic or diagnostic research 
e Public health research 
Research scientists seeking a permanent or temporary position are 


invited to register on the site by providing a short resume. 


Host laboratories provide information to research scientists 
on opportunities to host and to develop research 
projects under the several possibilities offered 
by the Institute (ATIP-Avenir program, 

temporary or permanent 


positions). wearanes Ny Inserm 


For registering, go to: www.rh.inserm.fr/postdocs/postdocs.nsf 
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AAAS is here — helping scientists achieve career success. 


Every month, over 400,000 students and scientists visit ScienceCareers.org in search of the information, advice, and opportuni- 
ties they need to take the next step in their careers. 

A complete career resource, free to the public, Science Careers offers a suite of tools and services developed specifically for 
scientists. With hundreds of career development articles, a grants and scholarships database, webinars and downloadable 
booklets filled with practical advice, a community forum providing real-time answers to career questions, and thousands of 
job listings in academia, government, and industry, Science Careers has helped countless individuals prepare themselves for 


successful careers. 


As a AAAS member, your dues help AAAS make this service freely available to the scientific community. If you’re not a member, 
join us. Together we can make a difference. 


To learn more, visit aaas.org/plusyou/sciencecareers m\ AAAS + U = A 


NIFA 


UNITED STATES DEPARTMENT OF AGRICULTURE 
NATIONAL INSTITUTE OF FOOD AND AGRICULTURE 


The National Institute of Food and Agriculture (NIFA) in the Depart- 
ment of Agriculture (USDA) was recently reorganized to a structure with 
four Institutes. Each of the Institutes is co-led by an Assistant Director 
and a Principal Scientist. The Assistant Director provides leadership for 
the administration of programs that comprise the Institute. The Prin- 
cipal Scientist provides the scientific leadership to programs assigned 
to the Institute. More information about NIFA can be found at http: 
//www.nifa.usda.gov/. NIFA is seeking to fill the following four Principal 
Scientist positions, as either permanent (PERM), term (TERM), or under 
an Intergovernmental Personnel Act (IPA) appointment: 


Principal Scientist of the Institute of Bioenergy, Climate, and Envi- 
ronment (PERM) (NIFA-SL: 10-06) 
Principal Scientist of the Institute of Bioenergy, Climate, and Envi- 
ronment (TERM) (NIFA-SL: 10-07) 


Principal Scientist of the Institute of Food Production and Sustain- 
ability (PERM) (NIFA-SL:10-08) 
Principal Scientist of the Institute of Food Production and Sustain- 
ability (TERM) (NIFA-SL: 10-09) 


Principal Scientist of the Institute of Food Safety and Nutrition 
(PERM) (NIFA-SL: 10-10) 
Principal Scientist of the Institute of Food Safety and Nutrition 
(TERM) (NIFA-SL: 10-11) 


Principal Scientist of the Institute of Youth, Family, and Community 
(PERM) (NIFA-SL: 10-12) 
Principal Scientist of the Institute of Youth, Family, and Community 
(TERM) (NIFA-SL: 10-13) 


Principal Scientist positions are Senior Level (SL) positions. The 
Federal salary ranges from $119,554 to $179,700. A copy of each job 
announcement may be located on the Office of Personnel Management 
web page at http://www.usajobs.opm.gov/. As specified in each job 
announcement, applicants must meet mandatory qualifications and 
address specific technical qualifications. Veterans preference applies, 
and U.S. citizenship is required. The job announcements listed above 
identify these four positions as a Permanent or a Term position (which 
is a competitive appointment for a period of more than one year but not 
more than four years). Candidates applying for permanent and term 
appointments should clearly identify in your application the type(s) of 
appointment desired, indicate the corresponding vacancy announcement 
number(s), and submit the documents required in the job announcements 
through USAJOBS. 


In addition, NIFA will consider filling these positions under an Inter- 
governmental Personnel Act (IPA) appointment. The IPA allows for 
a temporary assignment (detail) of skilled employees from local, State 
and Indian tribal government, institutions of higher education and other 
eligible organizations to Federal Government agencies. IPAs remain 
employees of their permanent organizations; appointments can be made 
for up to two years and may be extended an additional two years under 
specific conditions. Cost of the assignment (including salary, benefits, 
relocation cost, travel and per diem expenses) are negotiated between 
participating organizations. Applicants applying only for an IPA 
appointment should submit a resume and address the specific techni- 
cal qualifications identified for the position(s). To obtain the technical 
qualifications and/or receive additional information relating to IPA 
appointments contact Rhonda Pratt (301-504-1475). 


All applications must be received by January 31, 2011. For more 
information about the application process, contact Deborah Crump 
(301-504-1448). To learn more about NIFA, contact Betty Lou Gil- 
liland (202-720-5506). 
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Kuang-Chi Institute of Advanced Technology (Kuang-Chi 
Institute) is a non-profit Research Institute sponsored by 
government, industry and venture capitals. The mission 
of Kuang-Chi Institute is to conduct breakthrough 
science with direct implementation in a broad range of 
applications, execute cutting-edge technology in order 
to turn dreams into reality and bridge the gap between 
science and human life. Kuang-Chi Institute attracts 
distinctive scientists from different countries featuring 
highly qualified collaborative cross-disciplinary research 
with prestigious world recognized partner universities 
and research organizations, and a globe vision. 


Multiple Research Faculty and Postdoctoral 
Fellowship Positions 


The Kuang-Chi Institute invites applications for more 
than 50 research faculty (Ref: RF-2010/2011-310) and 50 
postdoctoral fellow (Ref: RF-2010/2011-311) positions 
in all areas of science and technology, including: 
Applied Mathematics, Applied Physics, Biomedical 
Engineering, Computer Science and Technology, 
Electrical and Electronic Engineering, Materials Science 
and Engineering, Mechanical Engineering, Statistics, 
Scientific Computing, and etc. 


Research Faculty 

The research faculty should be committed to excellence 
in research and collaborate with other faculty members 
on interdisciplinary methodological and applied 
research. Applicants should be research active and have 
a proven accomplishment. A highly competitive salary, 
up to 600,000 RMB per annum, commensurate with 
qualifications and experience will be offered. Generous 
annual bonus and comprehensive health insurance 
benefit will also be offered. 


Postdoctoral Fellow 

Postdoctoral fellows are expected to devote themselves 
to full-time research. Applicants should therefore hold 
a doctoral degree and have a desire to develop skills in 
interdisciplinary methodological and applied research 
as well as in building strong collaborations. A highly 
competitive salary, up to 250,000 RMB per annum, 
commensurate with qualifications and experience will 
be offered. Generous annual bonus and comprehensive 
health insurance benefit will also be offered. 


Application Procedure 

To apply, please send a cover letter, a full CV, a research 
statement, and contact details of three references as a 
package to search@kuang-chi.org. All applications will 
be reviewed immediately, and early submissions are 
encouraged. Please refer to web: http://www.kuang- 
chi.org for more information. 
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Meeting a 21% Century Grand Challenge: 
Water Sustainability 
A multidisciplinary cluster hiring initiative at 
The University of lowa 


The lack of adequate access to clean water is a global crisis 
affecting more than a billion people worldwide. Population growth, 
climate change, land use and energy choices, and global poverty 
have caused precipitous changes in water quantity, availability, 
and quality. Unless we can overcome or adapt to these driving 
forces, future generations will inherit a legacy of declining and 
degraded water resources. 


Meeting this challenge will require expertise in and collaboration 
among a wide range of disciplines, including economics, policy, 
and law as well as the natural sciences and engineering. That’s 
why The University of lowa is assembling a multidisciplinary 
faculty alliance on water sustainability, bringing together faculty 
from the Colleges of Liberal Arts and Sciences, Public Health, 
Law, and Engineering; the Graduate College; and the Public 
Policy Center. 


The Water Sustainability Initiative (http://watersustainability 
-uiowa.edu) is part of a comprehensive program in sustainability 
announced by UI President Sally Mason—a vision for national 
leadership in sustainability education, research, and outreach. It 
builds on a solid foundation of existing UI strengths including 
the Iowa Flood Center, academic strengths in cognate areas of 
sustainable energy and clean air, the Office of Sustainability, and 
an undergraduate Certificate in Sustainability. 


The University is establishing ten new tenure track faculty 
positions, based in various academic departments, to be filled by 
individuals who will contribute additional expertise in teaching, 
research, and service to this faculty alliance (or “cluster”). 
Together, these faculty will create new knowledge as well as unique 
educational and research opportunities for students interested in a 
sustainable water future. 


Currently, the University is recruiting five tenure track 
assistant professors in the following areas: (1) communications 
and/or policy related to water pollution, legislation, conflicts, 
rights, and water use (based in Communication Studies, 
Political Science, or Journalism and Mass Communication); 
(2) hydrogeology with required interest in groundwater, and 
possible related interests in water pollution, environmental/ 
hydrologic sciences, and sustainability (based in Geoscience); (3) 
sustainability and surface water resources with complementary 
strengths in geoinformatics, land use science, environmental 
policy, biogeography, or health geography (based in Geography); 
(4) large scale intelligent systems related to water sustainability 
with expertise in computational intelligence, modeling, simulation, 
control theory, communications, sensor networks, knowledge 
discovery, and intelligent integration of information from diverse 
sources (based in Electrical and Computer Engineering); and (5) 
environmental health with an emphasis on water sustainability, 
with possible research interests in analytical chemistry/toxicology/ 
water-borne contaminants, health implications of climate change, 
epidemiology of water-borne diseases, or rural safety and health 
related to water quality and quantity (based in Occupational and 
Environmental Health). 


Come help us meet the challenge! Potential applicants may 
contact the Office of the Provost by phone (319-335-3565) or via 
e-mail (provost-office@uiowa.edu), or see the initiative’s web site 
(http://watersustainability.uiowa.edu) for more information. 


The University of Iowa is an Equal Opportunity and Affirmative 
Action Employer. We strongly encourage women 
and minorities to apply. 


Jiangsu Academy of 
Agricultural Sciences 


JAAS 


Lae ea sie 
Seeking Distinguished Scientists in Various Agriculture Areas 


Jiangsu Academy of Agricultural Sciences (JAAS) is a professional 
agricultural research and extension institution that has been established 
since 1932. JAAS ranks at the top of provincial agricultural academies 
in China in terms of the comprehensive strength in agriculture. JAAS's 
headquarter and main research facilities are located in Nanjing, Jiangsu, 
China. 

Currently, there are 3 distinguished full professor positions avail- 
able for application in the following areas: breeding, food processing, 
bioenergy, facility agriculture, and large-scale farming for modern 
animal husbandry. Applicants should have a faculty position already 
beyond the assistant professor level in a university or the equivalent 
position in a research institution. In addition, all candidates should 
demonstrate excellent records of research accomplishment and havea 
command of bilingual language for English and Chinese, both in spoken 
and written. 

Successful applicants will be offered a competitive package, including 
sufficient laboratory space, startup funding, relocation fee and com- 
petitive salary commensurate with experience, in addition to a housing 
allowance, and other employee benefit. Applicants can go to www.jaas. 
ac.cn for application details. 

In addition, more information for other regular faculty positions from 
JAAS relevant to a variety of disciplines in agriculture is also available 
at Www.jaas.ac.cn. 

Contact information 
E-mail: rsc-gbk@jaas.ac.cn; Tel: 086-25-84390037 
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~~ THE UHIVER SITY OF BRITISH COLUMBIA 


TENURE TRACK BIOLOGY INSTRUCTOR 


University of British Columbia, Vancouver BC, Canada 


The Departments of Botany and Zoology seek candidates to fill a tenure-track 
Instructor position to teach in the Biology Undergraduate Program in the general areas 
of cell and molecular biology. Candidates must hold a PhD in relevant areas of the life 
sciences, have an integrative approach to biology, and be committed to improving 
biology teaching. Postdoctoral teaching and/or research experience is preferred. 


The successful candidate will demonstrate evidence of outstanding teaching, 
expertise in the subject area, and the ability to contribute to ongoing curriculum 
and course development. 


Duties of the position might include the development and coordination of tutorials for 
a cell biology class (over 1000 students), as well as contributing to lab and lecture 
teaching in cell and molecular biology at introductory and advanced levels. 
Instructors will participate in course and curriculum development, and in training and 
supervision of graduate student teaching assistants. 


Application packages should consist of a cover letter, curriculum vitae, and the 
names of at least three individuals who have agreed to provide letters of 
reference. The CV must include a summary of teaching experience, a statement 
of teaching philosophy, an outline of teaching interests and evidence of teaching 
effectiveness (such as teaching evaluations). Candidates are particularly 
encouraged to highlight previous experience in fostering the education of students 
from diverse backgrounds. Please submit application packages either as a single 
pdf file to biology.searchcommittee @ ubc.ca or by mail to: 


Biology Instructor Search Committee; Attention: Jessica Sui, Department of 
Botany. University of British Columbia, 3529 - 6270 University Blvd., 
Vancouver BC V6T 124. 


Screening of applications will begin January 17, 2011, with appointments 
anticipated to begin on or after July 1, 2011. 


The University of British Columbia hires on the basis of merit and is committed to 
employment equity. All qualified persons are encouraged to apply; however, priority will be 
given to Canadian citizens and permanent residents of Canada. 


GRANTS 


HUMAN FRONTIER SCIENCE PROGRAM (HFSP) 
12 quai Saint-Jean, 67080 STRASBOURG Cedex, FRANCE 


CALL FOR LETTERS OF INTENT FOR INNOVATIVE FRONTIER 
RESEARCH GRANTS: AWARD YEAR 2012 


The Human Frontier Science Program supports international preferably intercontinental collaborations in basic life science 
research with emphasis placed on innovative and interdisciplinary approaches to fundamental investigations. Applications 
are invited for grants to support frontier approaches to understanding complex mechanisms of living organisms. Applicants 
are expected to develop novel lines of research distinct from their ongoing research. Preliminary results are not required. 


There are two types of Grant: Young Investigators’ Grants are for teams of scientists who are all within 5 years of 
establishing an independent laboratory and within 10 years of obtaining their PhDs. Program Grants are for independent 
scientists at all stages of their careers. The participation of younger scientists is especially encouraged. 


Grants provide 3 years support for 2-4 member teams, with not more than one member from any one country, unless critical 
for the innovative nature of the project, which is an important selection criterion. Applicants may establish a local or national 
interdisciplinary collaboration as a component of an international team but will be considered as 1.5 team members for 
budgetary purposes. Awards depend on team size and successful teams will receive up to $450,000 per year. The principal 
applicant must be located in one of the member countries (Australia, Canada, the European Union, France, Germany, India, 
Italy, Japan, New Zealand, Norway, the Republic of Korea, Switzerland, the United Kingdom and the United States) but 
co-investigators may be located in any country. 


Guidelines and further instructions are available on the HFSP web site (www.hfsp.org). International teams of 
scientists must first submit a letter of intent online via the web site. Specific enquiries: grant@hfsp.org 


Deadlines: Compulsory pre-registration, via the website: March 22, 2011 
Submission of Letters of Intent: March 31, 2011 


POSITIONS OPEN 


Guangdong University of Technology (GDUT), Guangzhou, China, 
Invites Applications and Nominations for the Positions of 8 Deans 


——— 
In 201 1 i Guangdong University of Technology is located in Guangzhou, in south China. It is a key multi- 


disciplinary university of Guangdong Province with a history of over 50 years, offering a wide 
range of courses in engineering, science and technology, business management, liberal arts and 
1 law, with major emphasis on the study of engineering. 


: ths | With the University’s rapid development, we are seeking candidates for 8 faculties’ dean 
| 5 rec rt | {I | Q positions at professor levels to work in the fields of (1)Faculty of Electromechanical Engineering, 
ate : (2)Faculty of Automation, (3)Faculty of Chemical Engineering and Light Industry, (4)Faculty 
a77 permanent of Materials and Energy, (5)Faculty of Information Engineering, (6)Faculty of Physics and 
Optoelectronic Engineering, (7)School of Art and Design, (8) School of Foreign Languages . The 

re S earch ers student population of most of the above said faculties and schools exceed 3000, with teaching 
in-ael anenttio flalds staff number exceeding 100. Besides, Faculty of Electromechanical Engineering, Faculty of 
inetd mae Automation, Faculty of Chemical Engineering and Light Industry, and Faculty of Materials and 

: ti) ~——+ Energy are privileged to offer doctoral programs, which are the key programs of Guangdong 


i LIFE SCIENCES Province and are supported by Guangdong “211 project” fund. 
a epee 
© CHE 


{EMISTRY We offer competitive compensation and benefits to the selected candidates. The maximum 
WIRONMENTAL SCIENCES annual income and the maximum R&D fee can be RMB1000,000 and RMB10,000,000 respectively. 
We also provide the selected candidates a 100M? apartment, and for those who need to buy an 
apartment in Guangzhou, a housing package of RMB300,000-500,000 is offered. 


Candidates should have a PhD degree, an outstanding track record in Higher Education field, the 
confidence and ability to build up a world-class faculty (requirements to overseas candidates and 
to candidates for School of Arts Design and School of Foreign Languages can be discussed). 


Interested and qualified individuals should provide a cover letter and a resume with signature 
in person before 31 March 2011. 


ne Contact information: 
*{ ecw AND Contact person: Ms Zhiying Zeng 
Telephone : 0086-20-39322792 Fax: 0086-20-39322208 
Qnliresagitraton gt yews T Email: gdutyzzp@gdut.edu.cn 
fem Caco bar 1, ah Address: Human Resource Department, Guangdong University of Technology, No. 100 Waihuan 
Plas =a hea ri Xi Road, Guangzhou Higher Education Mega Center, Panyu District, Guangzhou, P.R China. 
scampi sly Postcode: 510006 
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Major New Initiative in Biological Complexity 


North Carolina State University is embarking on a new university-wide interdisciplinary initiative in 
biological complexity encompassing systems genetics, behavioral neurogenetics and neurogenomics, 
genome-environment interactions, ecological genetics, systems ecology, climate change, computational 
biology and bioinformatics. Applicants should have a PhD or equivalent, a strong research record with 
evidence of exceptional scholarship, and embrace interdisciplinary research. 


Faculty Positions in Biological Complexity 


Multiple faculty positions associated with the initiative in biological complexity are available. Applicants 
should be broadly trained in areas covered by the initiative, have at least two years of productive post- 
doctoral research experience and have a commitment to training. New faculty members are expected to 
develop and maintain vibrant, extramurally supported research programs and contribute to the teaching 
missions in the life sciences. Competitive salaries and startup packages will be provided to ensure a suc- 
cessful research program. We are primarily seeking faculty at the Assistant or Associate Professor level, 
but outstanding senior applicants will be considered. 


To apply for faculty positions, go to jobs.ncsu.edu/applicants/Central?quickFind=89209 and provide 
a cover letter, curriculum vitae, a three-sentence statement of the most significant scientific problem(s) 
to be addressed in the near future, statements of research and teaching interests, and three letters of rec- 
ommendation. Review of applications will begin January 1, 2011, and continue until the positions are 
filled. We welcome applications from groups of individuals and dual-career couples and will work with 
candidates to identify suitable employment opportunities for spouses or partners. 


Distinguished Postdoctoral Scholar Program in Biological Complexity 


Associated with the new initiative in biological complexity is a distinguished postdoctoral scholar program. 
Applicants are expected to be near completion of a terminal doctorate degree. Postdoctoral scholars will 
receive competitive stipends and independent research funds to initiate an innovative research program 
with guidance from a multidisciplinary mentoring committee in areas covered by the initiative in biological 
complexity. To apply for a scholar position, go to jobs.ncsu.edu/applicants/Central?quickFind=89221 
and provide a cover letter, curriculum vitae, a three-sentence statement of the most significant scientific 
problem(s) to be addressed in the near future, statements of research and career plans, and three letters of 
recommendation. Review of applications will begin immediately. 


NCSU is an AA/EO Employer. All qualified applicants will receive consideration for employment 
without regard to race, color, national origin, religion, sex, age, veteran status or disability. In its 
commitment to diversity and equity, NC State University seeks applications from women, minorities, 
and persons with disabilities. NC State welcomes all persons without regard to sexual orientation. ADA 
Accommodations: please call 919-515-5727. 


Download 
your free copy. 


ScienceCareers.org/booklets 
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From the journal Science PAVAAAS 


Opportunity for highly qualified scholars 
at the University of Campinas 


The University of Campinas (Unicamp), one of the leading 
LAA RA research universities in Brazil and Latin America, is seeking 
highly qualified scholars from all over the world to participate in its Visiting 
Professor Program. This program allows scholars to conduct teaching and 
research activities at Unicamp for a period from 12 to 24 months, after 
which they are offered the opportunity to compete for a tenured position 
in the university. Participants in the program receive an annual fellowship 
stipend of up to about USS 83,926, plus airline tickets to Brazil, health 
insurance coverage and support for lodging in Campinas, a very pleasant 
1 million inhabitant city located some 100 kilometers from Sao Paulo. 
Applicants should be PhD holders with high academic achievement records 
in one of the following fields: 


agricultural engineering 

applied mathematics 

architecture 

chemical engineering 

chemistry 

cinema 

civil construction technology 

civil engineering 

computer science and engineering 
computer technology 

control and automation engineering 
(mechatronics) 

dance 

dentistry 

economics 

education 

electrical and telecommunication 
engineering 

environmental sanitation technology 
food engineering 

geography 


geology 

history 

linguistics 

literature 

pharmacy 

philosophy 

physical education and sports science 
physics 

plant, animal and human biology 
materials science 

mathematics 

mechanical engineering 
medicine 

multimedia art 

music 

scenic arts 

social sciences 

speech-language therapy 
statistics 

telecommunications technology 
visual arts 


If you are interested in joining us, please send a CV in English 
or Portuguese to carreiras@reitoria.unicamp.br. For further 


information, please visit our website at www.unicamp.br/unicamp/en 


or send a message to info.carreiras@reitoria.unicamp.br. 


Brazil is a fast developing country. 
Be part of the progress. Come work with us. 


ScienceCareers.org/booklets 
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Junior and Senior Scientists in 
Cancer Drug Discovery and Development 


The Hollings Cancer Center and the Medical University of South Carolina 
(MUSC) are recruiting individuals at the junior and senior faculty levels to 
carry out cancer drug discovery and development research at MUSC. These 
persons will be housed within new state-of-the-art laboratories in the Drug 
Discovery Building opening in the summer of 2011. Individuals engaged in 
all facets of drug discovery/development are encouraged to apply. In addition, 
scientists with areas of interest in radiobiological-focused and melanoma- 
focused therapeutics are encouraged to apply. 


Senior candidates should have a national reputation in drug discovery or 
development as well as current and past peer-reviewed funded research. 
Junior candidates should have a solid track record of postdoctoral training 
in one of these areas. 


The Hollings Cancer Center is a National Cancer Institute designated cancer 
center; MUSC holds an NIH-funded Clinical and Translational Science Award. 
There are multiple complementary shared resources in place, including a Drug 
Discovery Screening Core, a Drug Metabolism and Clinical Pharmacology 
Core, Translational Research Laboratory, and a Proteomics facility. 


Located on the Atlantic coast of South Carolina, Charleston boasts one of the 
nation’s most historic and picturesque downtown areas, beautiful beaches, and 
international cultural events such as the Spoleto Festival USA. 


Interested candidates should send their CV, a summary of future research 
plans, and three references to: 
Kenneth Tew, Ph.D. 
Chair, Cell and Molecular Pharmacology 
Medical University of South Carolina 
campbetb@musc.edu 


MUSC is an Equal Opportunity Employer, promoting workplace diversity. 
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SENIOR FACULTY POSITION — PAIN RESEARCH 


The Department of Anesthesiology and Perioperative Care at the University of 
California Irvine is seeking laboratory-based Ph.D., M.D. or M.D.-Ph.D faculty 
members with an interest in pain research. A tenure opening is available at the 
Associate or full Professor level. Candidates are expected to have an established 
and independently funded laboratory research program using molecular, cel- 
lular, genetic, electrophysiological, behavioral and/or imaging approaches to 
advance the understanding of the neurobiology and treatment of pain. We will 
consider applicants in any area of neuroscience, including neurodegeneration 
and repair, neuroanatomy, and stem cell biology. However, a research focus 
on pain is necessary. Priority will be given to applicants with research activi- 
ties that can act in a synergistic fashion with existing pain research programs 
on the UC Irvine campus. An interest in and ability to collaborate with other 
programs will be essential for the successful applicant. We invite applicants 
who currently hold a position at the rank of Associate Professor or Professor. 
Successful candidates must have a Ph.D. and/or M.D., or equivalent degree and 
an established record of independent research, scholarly activity/publications, 
including existing extramural funding. Investigators with active ROI awards 
or equivalent funding are encouraged to apply. The selected candidate will be 
expected to further develop, manage, and maintain their own independent, 
extramurally funded research program(s). The successful candidate must have 
the capacity to thrive in a multidisciplinary research and teaching environ- 
ment. This position will be .5 FTE (tenured) and .5 (Senate) in Residence. 
A specific attraction is the opportunity to interact with ongoing well-funded 
research programs in spinal cord injury, stem cell biology, anatomy and neu- 
robiology. UC Irvine offers an excellent salary, incentive and fringe benefit 
program as well as a relocation package. To apply please go to the online 
recruitment site at: https://recruit.ap.uci.edu. For more information, please 
visit the Department of Anesthesiology and Perioperative Care website at http: 
//www.anesthesiology.uci.edu. 

The University of California, Irvine is an Equal Opportunity Employer com- 
mitted to excellence through diversity and strongly encourages applications 
from all qualified applicants, including women and minorities. UC Irvine 
is responsive to the needs of dual career couples, is dedicated to work-life 
balance through an array of family-friendly policies, and is the recipient of an 
NSF ADVANCE Award for gener equity. 


AWARDS 


5-year Individual Researcher Position 
~Yamanaka-Balzan Award~ 


Center for iPS Cell Research and Application 
(CiRA), 
Kyoto University 
Director: Shinya Yamanaka 


CiRA invites applications for a 5-year individual 
researcher position with research expenses. In 
September 2010, the International Balzan Prize 
Foundation awarded Prof. Yamanaka because of 
his efforts to generate iPS cells from somatic cells. 
Based on this award, CiRA have established the 
“Yamanaka-Balzan Award” to support a young 
researcher who could contribute to the research 
on the mechanisms of direct reprogramming and 
further application of iPS cell technology. The 
position allows the selected researcher to conduct 
iPS cell research for 5 years with research expenses, 
100,000 Swiss francs/year. Faculty title will depend 
on her/his achievements and experience. 


Please refer to our website for details: 
http://www.cira.kyoto-u.ac.jp/e/employment. 
html 


Work Place: CiRA, Kyoto University, Japan 


Qualifications: Researcher with less than 10 years 
of research experience since obtaining Ph.D. (As 
of October 2010) 


Job Conditions: [Term] 5 years (from April 1st, 
2011)[Salary] In accordance with Kyoto University 
Regulations [Research expense] 100,000 Swiss 
francs/year 


*Other necessary human resources or equipments 
is provided from CiRA, separately. 


How to apply: Applicants should mail CV, list of 
research achievements and some other required 
documents to the postal address listed below by 
January 13. Please see our website for details and 
download the forms. (Applying by e-mail is not 
acceptable.) 


Contact: Tetsuya Ishii 
Head of the Research Management Office 
Center for iPS cell Research and Application 
(CiRA), Kyoto University 
(53 Kawara-cho, Shogoin, Sakyo-ku, Kyoto, Japan 
606-8507) 
E-mail: collaboration@cira.kyoto-u.ac.jp 
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Revealing your vision ta employers is aur job. We're your 
scurce for connecting with top employers in industry, 
academia, and government. We're the experts and entry 
point tothe latest and most relevant career information 
across the globe, 


Ournewly designed wensite ofers-a set of tools that reveal 
Career opportunities and your personel potential. Whether 
Vou're seeking a new jab, career advancement in your 
chasen Reld, orways to stay current on industry trends, 
Sclence Careers is your window to a limitless future, 
Improved Website Features: 
» Relevant job E-mail Alerts 

Improved Resume Uploading 

Content Specific Multimedia Section 


® Facebook Profle 


Job Search Functionality: 
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POSITIONS OPEN 


ASSISTANT PROFESSORS IN 
ECOLOGY AND NEUROBIOLOGY 
Department of Biology 
University of Nevada, Reno 


The Biology Department at the University of Ne- 
vada, Reno (UNR) has targeted EECB (ecology, evo- 
lution, and conservation biology) and neurobiology 
as strategic foci for growth and is seeking: 


An ECOLOGIST—Assistant Professor 
(tenure-track) 


The ecology position is open with regard to area 
of specialization. The department’s areas of research 
excellence include conservation biology, conservation 
and evolutionary genetics, behavioral ecology, and evo- 
lutionary ecology. Our EECB faculty are well funded 
by diverse sources, including NSF and NIH. 


A NEUROBIOLOGIST—Assistant Professor 
(tenure-track) 

The neurobiology position is open to researchers 
investigating any fundamental neurobiological topic 
using cellular, genetic, or molecular approaches. The 
successful applicant will expand our core group of NSF 
and NIH funded neuroscientists. Excellent support 
facilities include microscopy, genomics, and proteomics 
cores. Early career faculty who conduct biomedically 
related research at UNR can apply for NIH-IDeA pro- 
gram career development support. 

Applicants for both positions should have expertise 
that complements and expands the research capacity 
of the department. The successful candidates will be 
provided with competitive startup packages and will 
be expected to maintain nationally recognized, extra- 
murally funded research programs. The Department 
has 765 majors, 45 M.S. and Ph.D. students, and 24 
state-funded faculty. In addition, a new interdiscipli- 
nary program in Neuroscience supports 114 majors. 
Reno sits on the eastern flank of the Sierra Nevada in 
close proximity to desert and montane field sites and 
to Lake Tahoe, and it was recently rated one of the 
best small cities in the United States for overall qual- 
ity of life. Applicants should apply online at website: 
http://www.unrsearch.com, where they should sub- 
mit an application letter, curriculum vitae, a statement 
of research plans, a statement of teaching interests and 
philosophy, and contact information for three refer- 
ences. Applications received by 21 January 2010 will 
receive full consideration. The start date is 1 July 2011 
for both positions. 

Equal Employment Opportunity /Affirmative Action. Women 
and underrepresented groups are encouraged to apply. 


ASSISTANT PROFESSORS 


The Department of Biological Sciences (website: 
http://biology.uark.edu) at The University of Ar- 
kansas solicits applications for two tenure-track As- 
sistant Professors. (1) MICROBIOLOGIST working 
in any area of microbiology (position No. Y11929). 
(2) PLANT BIOLOGIST using photosynthetic or- 
ganisms to explore topics including but not limited to 
systematics, developmental/physiological genetics or 
molecular ecology (position No. Y11928). Successful 
candidates must have a Ph.D. and postdoctoral expe- 
rience, will be expected to establish an extramurally 
supported research program, supervise graduate and 
undergraduate research, and teach at the graduate and 
undergraduate levels. Review of completed applications 
will begin January 31, 2011, and will continue until 
the positions are filled. Applications should include 
curriculum vitae, a statement of current and future re- 
search plans, teaching interests, and three letters of rec- 
ommendation. Application materials should be sent or 
electronically sent to the appropriate search commit- 
tee chair: Dr. Mack Ivey (e-mail: mivey@uark.edu) for 
Microbiologist or Dr. Jeffrey Silberman (e-mail: jeff@ 
uark.edu) for Plant Biologist. Department of Biolog- 
ical Sciences, 601 SCEN, 1 University of Arkansas, 
Fayetteville, AR 72701. The University of Arkansas is an 
Equal Opportunity /Affirmative Action Employer. Applicants must 
have proof of legal authority to work in the United States at the 


time of hire. All applicants are subject to public disclosure under 


the Arkansas Freedom of Information Act. 
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POSITIONS OPEN 


TENURE-TRACK FACULTY POSITION 
Department of Chemistry and Biochemistry 
Utah Science, Technology and Research (USTAR) 
Initiative 
Utah State University 

The USTAR initiative and the Department of Chem- 
istry and Biochemistry at Utah State University, in- 
vite applications for a tenure-track position at any 
rank. Candidates must have a Ph.D. in Chemistry, 
Biochemistry, or a related field, with an established 
research track record in either academia or industry. 
The successful applicant is expected to maintain and 
expand a research program related to health thera- 
peutics or disease diagnostics via chemical or biochem- 
ical approaches. Preference will be given to candidates 
with research programs in the areas of medicinal, syn- 
thetic, or bioanalytical chemistry that complement the 
USTAR Veterinary Diagnostics and Infectious Dis- 
ease (VDID) research program. The position is funded 
by the USTAR initiative, a statewide program that aims 
to promote commercialization of technologies at the 
state universities. Applicants should submit curriculum 
vitae, a concise description of future research projects 
and their relevance to the goals of VDID, associated 
major research infrastructure needs, and the names 
and e-mail addresses of three references at website: 
http://jobs.usu.edu (REQ ID 052439). Evaluation 
of applications will begin January 15 and will contin- 
ue until the position is filled. For further informa- 
tion, please visit our website: http://www.chem.usu. 
edu. Utah State University is an Equal Opportunity /Affirmative 
Action Employer committed to assembling a diverse faculty. 
Women and members of minority groups are strongly encour- 
aged to apply. 


POSTDOCTORAL AND RESEARCH 
ASSISTANT POSITIONS 
Bioinformatics and Genomics of Gene Regulation 
University of Texas Southwestern 
Medical Center at Dallas 


Seeking individuals with a Ph.D. or Master’s degree 
in bioinformatics, computational biology, or genomics 
to study gene regulation on a global scale in the lab- 
oratory of Dr. W. Lee Kraus. Candidates should be 
proficient in programming and analysis of genomic 
data sets, and have experience working with biological 
systems. The Kraus laboratory has a number of excit- 
ing ongoing projects related to the genomics of signal- 
regulated gene expression (visit our laboratory site and 
view us on PubMed). The University of Texas South- 
western Medical Center provides a dynamic, collabora- 
tive, integrative, and cutting-edge research and training 
environment. 

Candidates should submit curriculum vitae or re- 
sume, brief statement of interests and accomplishments, 
and a list of three references by e-mail: lee.kraus@ 
utsouthwestern.edu. Successful applicants will receive 
competitive pay and benefits. 

University of Texas Southwestern Medical Center is an 
Equal Opportunity /Affirmative Action Employer. 


AQUATIC ECOLOGY POSTDOCS 


The U.S. Environmental Protection Agency (USEPA) 
Office of Research and Development’s National Cen- 
ter for Environmental Assessment seeks applications 
for several postdoctoral positions focused on quanti- 
fying relationships between physical, chemical, and 
biological stressors and the condition of valued bi- 
ological resources. The successful applicant will be 
part of a vibrant team that is studying stressors re- 
lated to energy production (mountaintop mining, 
biofuels) and urbanization to inform environmental 
decision-makers about the probable causes of bio- 
logical impairments in aquatic ecosystems. Examples 
of our work can be viewed at website: http://www. 
epa.gov/caddis. 

These are three-year, federal appointments in Arlington, 
Virginia. Salary is approximately $62,000 to $75,000 
commensurate with qualifications, plus benefits. Citi- 
zenship restrictions apply. Additional information and ap- 
plication instructions may be found at website: http:// 
www.epa.gov/ncea, or by contacting Jeffrey Frithsen, 
e-mail: frithsen.jeff@epa.gov. Application deadline 
is January 7, 2011. The USEPA is an Equal Opportunity 
Employer. 


POSITIONS OPEN 


ASSISTANT/ASSOCIATE PROFESSOR 
Neuroscience 


The Division of Basic Biomedical Sciences at the 
Sanford School of Medicine of The University of 
South Dakota invites applications for a tenure-track 
faculty position at the Assistant or Associate Professor 
level. Applicants must have a Ph.D. and/or M.D., or 
equivalent degree, and postdoctoral experience. Success- 
ful candidates will be expected to develop an indepen- 
dent, externally funded research program. Candidates 
must have technical expertise in functional magnetic 
resonance imaging and should develop a research pro- 
gram that complements and interacts with existing 
strengths in the Division. Preference will be given to 
candidates working in areas related to stress and trauma, 
brain injury and recovery, learning and memory, neuro- 
degenerative disorders, or addiction, though additional 
areas will be considered. The successful candidate will 
also be expected to participate in teaching undergrad- 
uate, graduate, and medical students. Excellent startup 
funds, state-funded salary commensurate with experi- 
ence, and modern research facilities in the new Lee 
Medical Building, Vermillion, South Dakota will be 
provided. Application should include curriculum vitae, 
a summary of past research and teaching experience, a 
statement of research interests and future plans, as 
well as three letters of reference. All materials should 
be sent to The University of South Dakota online em- 
ployment website: https://yourfuture.sdbor.edu. 
Review of applications will begin on January 17, 2011 
and continue until position is filled. Women and minorities 
are encouraged to apply. Affirmative Action/Equal Opportunity 
Employer. 


REHABILITATION COORDINATOR, Colton, 
California, advises on rehab options; monitors pro- 
gress; assesses patient rehab needs/goals; coordinates re- 
sources and support. 8am—5pm. B.S. behavioral science/ 
psychology. $56,285 per year plus benefits. Resumes to: 
Recruitment & Employment Office, Reche Canyon 
Rehabilitation Center a DBA of Reche Canyon 
Convalescent Center, Attn: Job Ref #: REC86195, 
P.O. Box 56625 Atlanta, GA 30303. 


UNIVERSITY COLLEGE CORK 


Applications are invited for the post of: PROFES- 
SORSHIP in Plant Biology. 

Salary: €113,604—€145,953. 

For full details, see website: http://www.uce. 
ie/hr/vacancies /: academic. 

Closing Date: Monday 31 January 2011. 


MARKETPLACE 


Promab Biotechnologies Inc. 


Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 


8¢/u 
Truncated 
Taq DNA 
Polymerase 
Withstand 99°C 
US Pat #5,436,149 e-mail: abpeps@msn.com 
Call: Ab Peptides 1°800¢383¢3362 
Fax: 314°968°8988 www.abpeps.com 


Recognized 


Original & 
Guaranteed 
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Preclinical research customized for you. 


MPI Research is the CRO that defines responsiveness, moving your drug development program 
forward with customized solutions for all your preclinical research. From discovery services to 
safety evaluation, including analytical and bioanalytical support, you can count on MPI Research 
for quick quotes, frequent updates, rapid turnaround, and scientific rigor. At every stage, and on 
every level, we adapt to your most exacting needs. 


Explore the breadth of capabilities that make us your responsive CRO at www.MPIResearch.com. 


Your responsive CRO partner, 
delivering customized solutions and 
adaptability to changing needs. 


MBEPI 


RESEARCH 


Customized. Responsive. On-Time.” 


Discover a higher quality of life with 
Toray DNA microarrays. 


+: 3D-Gene”" 


Fusing nanotechnology with biotechnology, Toray DNA microarrays are 100 times more sensitive than conventional technologies, allowing 
for more microscopic measurements than ever before. Toray continues to develop next-generation bio-tools to enable faster, more accurate 
medical diagnoses, detect microorganisms for soil decontamination, and bring new value to life. The right chemistry, the right answers. 


Find new BLOOD RNA markers! 


miRNA Analysis of Serum/Plasma 


Analysis service for comprehensive gene expression from blood samples is started! 
miRNA in serum/plasma now receives much attention as a new candidate of biomarkers in the 
biological research, clinical study, toxicology and drug discovery. 

The combination of our novel miRNA extraction technique and the highly sensitive microarray 

3D-Gene" will bring you exciting new discovery. 


Serum/Plasma 


500 uL miRNA extraction method 3D-Gene" 


miRNA chip 
a) = 
So 
New extraction = 


onnane on <= miRNA Microarray 


—- analysis 
Toray A 


: ) High sensitivit 
pa, a —° Pure small RNA is extracted : ; 


High reproducibility 
miRNA 


miRNA in commercially available healthy control serum (10 mixed) or Tumor A patient serum (6 mixed) was analyzed by 3D-Gene”. 


100000 
miR-Y miR-X : Association with multiple cancers has been reported. Known 
10000 : F 
iS - Lung, ovary, gastrointestinal cancer marker detection 
; 1000 =i # - Inhibitory effects on oncogenes & 
E 66 iy. miR-Y : No report about cancer association. — novel marker 
ae - Target and mechanism is also unknown. finding 
* o) miR-X 
7 : : 
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Toray Industries, Inc. 


1-1, Nihonbashi-Muromachi 2-chome, Chuo-ku, Tokyo 103-8666, JAPAN “TORAY’ 
http://www.3d-gene.com 


Innovation by Chemistry 


GE Healthcare 
Life Sciences 


Thank you ECL’ Plus, 
you've been great. 


For every success there’s a successor. It’s called 
progress. So while we knew we had something 
special in Amersham™ ECL Plus, our Western 
blotting team was quietly working on the next 
generation of detection reagent. The result: a new 
substrate that operates with superior levels of 
sensitivity, signal intensity and stability than even 
its famous predecessor, making it an excellent 
choice for CCD imagers. Welcome to ECL Prime. 


Ab dilution 

Primary Secondary 
1:3000 1:300 000 
1:10 000 1:500 000 


imagination at work 


Signal intensity sustained at higher antibody dilutions 


Amersham ECL Prime Amersham ECL Plus 


10 ug 156ng 10ug 156 ng 


Comparison of Amersham ECL Prime and Amersham ECL Plus 
detection of B-catenin in NIH 3T3 whole cell lysates using different 
dilutions of rabbit anti-B-catenin and HRP-conjugated anti-rabbit IgG. 


Find out more about Amersham ECL Prime at 
www.gelifesciences.com/eclprime 


Amersham and ECL are trademarks of GE Healthcare companies. 
© 2010 General Electric Company - All rights reserved. First published November 2010. 
GE Healthcare Bio-Sciences AB, Bjérkgatan 30, 751 84 Uppsala, Sweden. 


Any sample, any application — no limits 


Maximize success 


with QIAGEN sample technologies 


M Innovative, room-temperature sample collection and stabilization 

m DNA, RNA, and protein purification from any sample 

™ Hands-free automated sample preparation 

_i Reliable genetic, epigenetic, and gene expression analysis from FFPE samples 


3 “yY vyyy 
2 Ml Whole genome and transcriptome amplification to overcome sample limitations 606206 


2 Contact QIAGEN today or visit www.giagen.com/sample-technologies 


Sample & Assay Technologies 


Antibodies and Related Reagents for Signal Transduction Research 


from Cell Signaling Technology 


Immunofluorescent analysis of MCF7 (human breast adenocarcinoma) cells insulin-treated for 5 minutes, using PathScan® Signaling Nodes Multiplex IF Kit #8999. 


PathScan® Signaling Nodes Multiplex IF Kit #8999 from 
Cell Signaling Technology provides a novel multiplex assay to 
simultaneously assess signaling through key pathway nodes 
(activated-Akt, p44/42, and S6 Ribosomal Protein) using 
automated imaging or laser scanning high content platforms, 
or manual immunofluorescence microscopy. The kit provides 
reagents necessary to perform 100 assays (based on 100 ul 
assay volume). 


:: The kit allows the analysis of multiple pathway endpoints 


within a single sample, saving time and reagents. 


:: The kit is produced and optimized in-house with the 


highest quality antibodies, providing you with the greatest 
possible specificity and sensitivity. 


=: Technical support is provided by our in house IF group 


who developed the product and knows it best. 


#8999 Kit Targets Detection Dye EX(max) (nM) — EMmax) (nm) 
Phospho-Akt (Ser473) Alexa Fluor® 555 555 565 — 
Phospho-p44/42 (Erk1/2) (Thr202/Tyr204) Alexa Fluor® 488 495 519 
Phospho-S6 Ribosomal Protein (Ser235/236) — Alexa Fluor® 647 650 665 
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for quality products you can trust... 


ae ee al ignaling 
www.cellsignal.com 6 


TECHNOLOGY® 


Ny 
Orders (toll-free) 1-877-616-2355 | Technical support (toll-free) 1-877-678-8324 support@cellsignal.com | Inquiries info@cellsignal.com | Environmental Commitment eco.cellsignal.com a 


UNDERSTANDING CHANGE 


New tools to advance epigenetics research 


For over 35 years, New England Biolabs has been committed to understanding the mechanisms of restriction and 
methylation of DNA. This expertise in enzymology has recently led to the development of a suite of validated 
products for epigenetics research. These unique solutions to study DNA methylation are designed to address some 
of the challenges of the current methods. EpiMark™ validated reagents simplify epigenetics research and expand the 
potential for biomarker discovery. 


Simplify DNA methylation analysis with MspJI EpiMark™ validated products include: 


Plant ¢ Newly discovered methylation-dependent restriction enzymes 
Ge Hela elk. (Maize) TT. Yeast =] 
SLM spl ¢ A novel kit for 5-hmC and 5-mC analysis and quantitation 
Methyltransferases 
Histones 


Genomic DNAs 


To learn how these products can help you to better 
understand epigenetic changes, visit neb.com/epigenetics. 


MspJl recognizes methylated and hydroxymethylated DNA and cleaves 
out 32 bp fragments for sequencing analysis. Overnight digestion of ws NEW ENGLAND 


1 yg of genomic DNA from various sources with or without MspuJl is D bs é 
shown. Note: Yeast DNA does not contain methylated DNA, therefore D lO Ss 
: Inc. 
no 32-mer is detected. : ee : ; 
enabling technologies in the life sciences 


f DNA AMPLIFICATION PROTEIN EXPRESSION GENE EXPRESSION 
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www.neb.com 


Sioidentity. 


Introducing the MISSION* 
3°UTR Lenti GoClone. 


Take the guess work out of 
your miRNA target validation! 


You can now validate the 3’UTR target of your 

favorite miRNA with a functional, versatile and 
quantitative assay. Sigma Life Science and SwitchGear 
Genomics Inc., have partnered to offer you a collection 
of lentiviral constructs, each with a unique human 
3’UTR cloned downstream of an optimized Renilla 
luciferase. Identify and validate the 3’UTR target of 
your favorite miRNA with the powerful new MISSION 
3’UTR Lenti GoClone! 


wherebiobegins.com/lentigoclone 


biosilencing 


Sigma and Sigma-Aldrich are registered trademarks belonging to Sigma-Aldrich Co. and Sigma-Aldrich Biotechnology, LP. MISSION is a registered trademark of Sigma-Aldrich 
Biotechnology LP and Sigma-Aldrich Co. SwitchGear Genomics is a trademark of SwitchGear Genomics. GoClone is a trademark of SwitchGear Genomics 


SIGMA Where bio begins” 


Life Science 


KER aS cientifi 
305 Premier Scientific Partner 


GI, as the premier scientific partner, establishes 


LLL collaborations worldwide to accelerate the 
. : innovation and development of genomics research 

Genomics Solutions and applications in healthcare, agriculture, bioenergy and 

de novo related areas. 

Whole Genome Resequencing 

Exome Based on the powerful infrastructure and acknowledged 

Target region research background, our goal is to partner with researchers 

RNA-Seq and scientists, make leading-edge genomics accessible to the 

Metagenomics global research community and deliver more discoveries. 

Epigenomics 

Microbes 
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Sequencing 
& Computing Platforms +178 SCIENTIFIC PUBLICATIONS 


e 137 Illumina HiSeq 2000 

27 Applied Biosystems SOLID 4 System 
e Supercomputing centers 

with a total of Asia Pacific (Hong Kong) 


- SCIENTIFIC MILESTONES - 


102 T flops 
20 TB memory Europe (Copenhagen) 
10 PB storage 


North America (Boston) 


China (Mainland) 
Bioinformatics Centre 

e 1000 professionals 
MAMMAL 
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Give Science with full AAAS benefits. 
Get our special gift rate and our 
new shirt! 

>. 


LECTURE 


E 
INTERPRETIV! 

ENT PUPPET SHOW DANCE 
EMBELLISHM 


Make the holidays happier for a 

— promising young researcher, family 

= member, friend, or student. Science is 

the gift that lasts all year—and includes 

all the benefits of membership in AAAS. 

A $22.50 value— 

yours FREE when you 

give Science! 


Get our new “Explain Your Research” 
shirt—FREE! With its playful graphics, it 
makes just the right fashion statement at holiday gatherings, 
and other social events all year long. 


You’ll enjoy something else as well: the satisfaction of 
helping to support AAAS and our international, public policy, 
and educational programs—the ones that advance science 
and serve society. Happy holidays, indeed! 


Detail on back 


Please order at least two weeks before the holiday you’re celebrating, so we have time to send your gift recipient a letter 
announcing your gift. Non-U.S. recipients may receive Science Digital edition at the special gift rate. Check online for print 
edition rates. $74 allocated to Science for Professional memberships, $50 for Postdoc/Student memberships. Please allow 


4 weeks for receipt of first issue. Prices valid through 3/1/11. 


1 7tH ANNUAL 
CONFERENCE 


& EXHIBITION 


Advancing the Science of Drug Discovery 


Gaylord Palms Resort and Convention Center 
March 27-31, 2011 | Orlando, Florida, USA 


= 
Learn more and register at lia pot =e —_ 
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Some of the Many Reasons to Attend SBS 2011: 


- 15 Diverse Scientific Sessions Organized Into Three Tracks: 


» Innovation in the Screening Sciences 
» Translational Research 
» Sequenced Genomes: Reducing Opportunities to Practice 


- Engaging Keynote Presentations 

From SBS Achievement Award winner Robert J. Lefkowitz, M.D., Duke University, 

and SBS Accomplishment Award winner Brian Shoichet, Ph.D., University of California, 
San Francisco 


- Enhanced Exhibit Hall Hours and Schedule 
Allowing for a thriving exhibit floor with leading companies from around the world 


- SLAS Smart-Savers Discount Program 
Offering extraordinary discounts on flights, registration, hotel accommodations, and more 


- Enhanced SLAS Career Connections 
Providing a forum for job seekers and employers to connect and career coaches offering 
free coaching services to participants by appointment 


- SLAS New Product Award Designation 
Recognizing up to three of the best and most promising new products launched on the 
exhibit floor 


ner The Society for Laboratory Automation and Screening (SLAS) is a new non-profit scientific 


Register Today at SLAS.org/events/sbs11 
LABORATORY AUTOMATION organization uniting the Society for Biomolecular Sciences (SBS) and the Association 


oe slas sneces2s I for Laboratory Automation (ALA). The SLAS mission is to be the preeminent global 


An International Community Advancing Scientific ‘ organization providing forums for education and information exchange to encourage the 
Research and Discovery Through Laboratory Technology sty of, and improve the science and practice of, laboratory automation and screening. 


“How do we know 
this lead molecule 
is novel?” 


6 6 SciFinder— 
of course.? 9 


Need to assess the novelty of substances? 
SciFinder is the answer. 


It includes CAS REGISTRY" the most comprehensive 
substance information available, integrated with relevant 
journal articles and patents. 


Give your research team the highest quality and most timely 
scientific information resource. 


Make SciFinder an essential part of your research process. 


For more information about SciFinder, visit www.cas.org or 
e-mail help@cas.org. 


SciFinder®—Part of the process.™ 


COS | SciFinder’ soaleeoe 


CAS is a division of the American Chemical Society 
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2011 Courses 


Analytical & Quantitative 
Light Microscopy 
May 4 - May 13 


Biology of the Inner Ear 
August 7 - August 27 


Biology of Parasitism: 
Modern Approaches 
June 17 - August 6 


BioMedical Informatics 
1st Session: May 29 - June 4 
2nd Session: September 18 - 
September 24 


Embryology: Concepts 
& Techniques in Modern 
Developmental Biology 
June 4 - July 17 


Frontiers in Reproduction: 
Molecular & Cellular Concepts 
& Applications 

April 30 - June 12 


Frontiers in Stem Cells and 
Regeneration 
October 2 - October 8 


Gene Regulatory Networks 
for Development 


Methods in Computational 
Neuroscience 
July 31 - August 28 


Microbial Diversity 
June 11 - July 28 


Molecular Biology of Aging 
July 24 - August 13 


Molecular Mycology: 

Current Approaches to Fungal 
Pathogenesis 

August 3 - August 19 


Neural Systems & Behavior 
June 4 - July 31 


Neurobiology 
June 4 - July 31 


Neuroinformatics 
August 13 - August 28 


Optical Microscopy & Imaging 
in the Biomedical Sciences 
October 11 - October 21 


Physiology: Cell & 
Computational Biology 
June 11 - July 31 


Substantial financial 
assistance is available 
for many of our courses! 


Strategies and Techniques for 
Analyzing Microbial Population 
Structures 

August 3 - August 13 


Summer Program in 
Neuroscience, Ethics, & Survival 
(SPINES) 

June 18 - July 16 


Workshop on Molecular 
Evolution 
July 24 - August 3 


Zebrafish Development 
& Genetics 
August 7 - August 21 


FOR MORE INFORMATION CONTACT: 
Admissions Coordinator; admissions@mbl.edu; 
(508) 289-7401, MBL, 7 MBL Street, 

Woods Hole, MA 02543 


October 11 - October 22 


www.mbl.edu/education 


The MBL is an Equal Opportunity/Affirmative Action Institution. 


New Stem Cell 
Marker Panels 


—_ os 
e \ = Human Embryonic Stem Cell Marker Panel (ab93085) 
rs Octhld | Nanog, SSEA3, SSEAd, Tra-1-60 


* Mouse Embryonic Stem Cell Marker Panel fabS3757) 
Oct4, Nanog. SOX? SSEA1. Linz 


* Human Mesenchymal Stromal Cell Marker Panel 
Co44-CD090  CO29 , CD105, Cod. 


{ab93758) 


We have complimented our existing range of over 12,000 stem call 
products with brand pew stem cell marker panels. These combinations 
allow the defireive validation and characterization ef cullured or newly 
derived embryonic and mesenchymal stem cell lines. The panels coniain 
five antibodias to well known markers, wilh citations, reviews, optimal 
dilutions and alag, negative controls in tha masenchymal range. 
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NEW PRODUCTS FOCUS: RNAi 


sIRNA PREMIXES 


Qiagen 
For info: 800-426-8157 | 


With FlexiTube siRNA Premix, small interfering RNA (siRNA) for your gene of interest and 
highly efficient transfection reagent are already premixed and provided in a single tube. Flexi- 
Tube siRNA Premix includes a specialized buffer that increases the stability of siIRNA-reagent 
complexes. The ratio of reagent to siRNA in FlexiTube siRNA Premix is preoptimized to provide 
the highest transfection efficiency and gene knockdown. FlexiTube siRNA Premix is ready-to- 
use for cell transfection. Simply add to cells and incubate. With FlexiTube siRNA Premix, RNA 
interference experiments get off to a faster start, as there is no need to optimize siRNA-to- 
reagent ratio. Tedious optimization experiments involving multiple transfections are minimized 

or eliminated. Multiple transfections can be performed from a single FlexiTube siRNA Premix, 
reducing variability, and enabling consistency across experiments and more reliable results. 


www.qiagen.com 


# 


TRANSFECTION REAGENTS 

Effective and nontoxic DNA and small interfering RNA (siRNA) de- 
livery is essential for reliable scientific results. jetPRIME is a new 
versatile and powerful DNA and siRNA transfection reagent for day- 
to-day experiments. jetPRIME ensures high DNA transfection effi- 
ciency and excellent gene silencing in a variety of adherent cells. 
jetPRIME is ideal for DNA/siRNA cotransfection and is very gentle to 
cells since it requires low amounts of nucleic acid and reagent during 
transfection. The jetPRIME protocol is easy-to-follow and compatible 
with the use of serum and antibiotics during transfection. 

Polyplus Transfection 
For info: 508-315-9629 | 


www.polyplus-transfection.com 


siRNA SILENCING KIT 
Enabling researchers to perform efficient small interfering RNA (siR- 
NA) silencing (gene knockdown) experiments in small animal mod- 
els, Invivofectamine 2.0 Reagent and Ambion In Vivo siRNA provide 
strong and sustained knockdown of in vivo protein expression in 
an easy-to-use kit. These tools accelerate the use of RNA interfer 
ence to efficiently study gene function in animal models. Targeted 
gene silencing has been demonstrated to last for more than three 
weeks with a single application of Invivofectamine 2.0 Reagent 
and the positive control Ambion In Vivo siRNA. The new reagents 
provide a powerful alternative to the conventional use of knockout 
mouse models, which can take nearly 10 months to develop. Sold 
as part of a 1 ml starter kit or a 5 ml kit, Invivofectamine 2.0 Reagent 
and Ambion In Vivo siRNA are synthetic, contain no components 
of viral origin, and show minimal to no toxicity after extensive 
initial studies. 

Life Technologies (Invitrogen) 

For info: 800-955-6288 | 


www.invitrogen.com 


IN VIVO TRANSFECTION KIT 

The PEG-Liposome siRNA In Vivo Transfection Kit is designed for 
in vivo transfection of negatively charged molecules—RNA, DNA, 
and small proteins. Transfection is one of the major laboratory 


methods used to introduce DNA and RNA molecules into cells and 
tissues. This technique makes it possible to cross cellular barriers 
and deliver a gene or a small interfering RNA (siRNA) into cells for 
research or therapeutic purposes. The novel PEGylated liposome- 
based siRNA delivery kit is optimized for directed RNA interference 
induction by efficient delivery of functional small RNA molecules 
(sIRNA, shRNA, miRNA) into tissues. The liposome component 
provides in vivo siRNA protection due to efficient siRNA-liposome 
encapsulation. A remarkable feature of this reagent is reduced 
innate immune response and low cytotoxicity due to biodegradable 
PEG modification. 
Altogen Biosystems 
For info: 800-658-7009 | www.altogen.com/mirna.php 

RNA ISOLATION 

When working with stored materials, researchers often need to 
isolate RNA from samples that have been stored as formalin-fixed 
paraffin-embedded (FFPE) tissue blocks. Although the tissue struc- 
ture of FFPE samples will have been maintained for histological anal- 
ysis, damage to the nucleic acid may have occurred through the fixa- 
tion, embedding, and storage processes impeding measurements 
of gene expression levels. ExpressArt FFPE RNAready overcomes 
the limitations associated with RNA degradation and interference 
from RNA cross-linking in FFPE tissues. The FFPE RNAready kit ef- 
ficiently isolates and preserves mRNA using a specially developed 
lysis solution and an innovative universal inhibitor of RNases that dis- 
places tightly bound RNA from high-molecularweight aggregates. 
Subsequent treatment with a unique de-modification reagent re- 
verses formalin induced cross-links, resulting in total RNA optimized 
for reverse transcription reactions and subsequent downstream ap- 
plications. FFPE RNAready together with ExpressArt RNA amplifi- 
cation TRinucleotide primer technology is now available to amplify 
microgram quantities of high quality RNA from very small amounts 
of degraded total RNA, with minimal loss of sequence. 

AMSBIO 


For info: +44-0-1235-828200 | www.amsbio.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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INTRODUCING 


AAAS MemberCentral 


The exclusive new website for the AAAS member community. 


AAAS MemberCentral is a new website focused on helping you — the scientists, engineers, 
educators, students, policymakers, and concerned citizens who make up the AAAS 
community — connect like never before. 


On MemberCentral you can contribute to discussion groups or blogs, participate in a 
webinar, or share photos of your field research. You can exchange ideas, learn about 


your fellow members, and gain fresh insights into issues that matter to you the most. 


MemberCentral is also an easy access point for a wide variety of other AAAS membership 

benefits, like discounts on cars and books, travel opportunities, and more. AAA 
Experience MemberCentral for yourself. Visit today and log in 

using your Science online username and password. MemberCentral.aaas.org 


POP-7™ (580) 
3500 Sere 


PYAR aay 
L/h: oeMOoS 
Gap 02 Bow Fe 


Efficiency Expert. 


Every lab needs one. 


Are you that type? Always looking for ways to simplify and streamline lab 
processes—like, for example, the cumbersome and imprecise chores of 
3500 Series handling and tracking consumables? Well, with a revolutionary new suite 
Genetic Analyzer pre-formulated, ready-to-use, RFID-trackable consumables, the 3500 Series 
Genetic Analyzer is that type, too. Just snap in and run. 


( 


Make it Yours. 


Easy-to-Use Control at Your Quality-Assured li d 

Consumables Fingertips Data . app le 
AS8 biosystems” 

www.appliedbiosystems.com/3500Series by Lefe technologies” 


FOR RESEARCH USE ONLY. Not intended for any animal or human therapeutic or diagnostic use. 
©2010 Life Technologies Corporation. All rights reserved. The trademarks mentioned herein are the property of Life Technologies Corporation or their respective owners. 


For those who require |VD-marked devices, the 3500 Dx and the 3500xL Dx Genetic Analyzers and system accessories meet the requirements of the In Vitro Diagnostics Medical Devices 
Directive (98/79/EC). The 3500 Dx and 3500xL Dx systems are for distribution and use in selected countries only, and are not for sale in the United States of America. 


